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Biomolecular interactions are central to all biological functions as the execution of 
biological function usually depends on the concerted action of biomolecules existing in 
protein complexes, metabolic or signaling pathways or networks. Therefore, understanding 
biomolecular interactions, and the temperature dependence of biomolecular interactions is of 
critical importance for the study of fundamental science, therapeutic drug development, and 
biomolecule manipulation. Biocalorimetry, a process of measuring the heat involved in 
biomolecular interactions, has distinct advantages over other biomoelcualr interactions 
characterization methods as it is solution based, label free, universally applicable, and allows 
for determination of thermodynamic propoerties. However, the utility of available 
commercial instruments is limited by complex design, rather large sample consumption, and 
slow responses. Micro-electro-mechanical systems (MEMS) technology, as an alternative 
approach, potentially offers solutions to such limitations as it can potentially be fabricated at 
low cost, operated at high throughput with minimum sample consumption, and available for 
integration with various functional units. However, existing MEMS calorimeters either do not 
yet allow proper control of reaction conditions for thermodynamic characterization of 
biomolecular reaction systems or is not yet suitable for practical applications because of a 
lack of sensitivity, reliability, and high operating cost. This thesis will build upon our existing 
knowledge of the MEMS technology in biocalorimetry and develop new generation of 
 
 
polymer MEMS calorimetric devices that are economical, sensitive, and robust for studying 
biomolecular characterization in practical settings. 
The development of such devices requires innovations in the fabrication process as the 
conventional photolithography process is largely incompatible with polymer substrates. To 
address that, this thesis first presents a novel method of fabricating polymer-based MEMS 
thermoelectric sensors using a thermally assisted lift-off approach, by which, thick metal or 
semiconductor films experience controlled breakup due to thermal reflow of the underlying 
lithographically defined patterns. The thick film MEMS thermoelectric sensors exhibit 
electric and thermoelectric performances comparable to those made from bulk materials. This 
allows the sensors to be useful in low-noise, high-efficiency thermoelectric measurements.  
The polymer-based MEMS sensors fabrication approach is then implemented in making 
MEMS calorimetric devices for solution-based, quantitative thermodynamic characterization 
of biomolecular interactions. This thesis presents both polymer-based MEMS differential 
scanning calorimetry (DSC) and isothermal titration calorimetry (ITC) devices that are more 
robust, and cost lower. The polymer-based MEMS calorimeters eliminate the need for complex, 
fragile silicon freestanding structures and offer real-time, in-situ temperature control to 
biomolecules with well-defined miniature volume. Combining with the improved sensitivity, 
the polymer-based devices also reduce consumption of material and leads to substantially 
reduced thermal mass of the measurement system for a rapid response time and improved 
throughput. The interpretation of the DSC, ITC measurement results yielded complete 
thermodynamic information of several biomolecular interactions of critical scientific and 
therapeutic interest that include the characterization of the unfolding of protein (lysozyme) 
 
 
for the determination of its thermodynamic properties, and the binding parameters of 
interactions of 18-Crown-6 and barium chloride in practically applicable reagent 
concentrations.  
In addition, PDMS-based microfluidic structures that are used in molecular biological 
analysis platforms, including MEMS calorimeters are known to be problematic due to its 
surface adsorption effects and high permeability. To address this, this thesis eliminates the 
use of PDMS microfluidic structures in MEMS calorimeters entirely by presenting the first 
demonstration of a miniaturized 3D-printed Lab-on-a-chip (LOC) platform that integrates the 
polymer-based MEMS calorimeter for quantitative ITC characterization of biomolecular 
interactions. Exploiting topographical flexibility offered by 3D printing, the platform design 
features fully isolated cantilever-like calorimetric measurement structures in a differential 
setup. This design layout improves thermal isolation and reduces overall platform thermal 
mass, thereby enhancing the measurement sensitivity and reducing the platform response 
time. The utility of the platform is demonstrated with ITC measurements of the binding of 
18-Crown-6 with barium chloride and the binding of ribonuclease A with cytidine 
2’-monophosphate in a reusable manner, and with practically relevant reagent concentrations. 
Finally, some perspectives of how far away the devices are from commercializing are 
summarized, and future works in suggesting the strategies to achieve this goal are proposed. 
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Chapter 1 Introduction 
 
1.1 Biomolecular Interactions 
 
Biomolecules very rarely act in isolation, and the execution of biological function usually 
depends on the concerted action of biomolecules existing in protein complexes, metabolic or 
signaling pathways or networks. Therefore, biomolecular interactions are central to all 
biological functions [1], and understanding biomolecular interactions is hence critical to a 
range of fundamental sciences, new treatments for disease, and a wide range of highly 
functional products. Specifically, the ability to accurately determine kinetic rate constants and 
thermodynamic parameters for biomolecular interactions provides the possibility of new 
insights for study the fundamental science of molecular recognition and computational 
methods for data interpretation [2]. Also, pharmaceutical industry relies on biomolecular 
interaction studies to help understand the mechanism of the binding reactions, and this 
information can be directly used to improve binding properties of a drug candidate [3].  
Temperature dependence is a very important effect of biomolecular interactions as almost 
all the biomolecular interactions are thermally active and temperature may change the 
physiology of the biomolecules due to thermoregulation [4]. Therefore, understanding the 
mechanisms governing temperature-dependent biomolecular interactions is important for 
developing potential applications in biosensing, and thermally controlled biomolecule 
manipulation [5]. For instance, biomolecules of different kinds can bind to the sample probe 
molecule and create a nonspecific signal interference. Therefore, temperature dependence of 
biomolecular interaction can be used to assist in identifying therapeutic targets and 
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differentiate binding between two similar biomolecules to their target and potentially 
eliminate non-specific signal interference [6]. In addition, once fully characterized, the 
temperature dependence of the biomolecular interactions can be used to control active release 
of analytes from the conformational changes in the receptor structure [7]. Therefore, there has 
been a strong need for developing techniques that can reliably characterize the temperature 
dependence of biomolecular interactions. 
1.2 Methods for Characterization of Biomolecular Interactions 
Upon occurrence, biomolecular interactions can induce changes in physical or chemical 
properties of biomolecules, resulting in a detectable signal (e.g. heat, light intensity) that can 
be resolved to characterize biomolecular interactions. Using this, many technical methods 
have been developed. Such methods include but not limited to fluorescence spectroscopy [8], 
surface plasmon resonance (SPR) [9], ultra violet-visible (UV-Vis) spectroscopy [10], mass 
spectroscopy [11], affinity chromatography [12], and capillary electrophoresis [13], and 
biocalorimetry [14, 15].  
The most common approach is fluorescence microscopy and spectrometry, which is based on 
the use of fluorescent labels, via measuring the fluorescence emitted by the label either attached 
to the analyte or to a molecule that binds to the analyte [16]. Thus, the increase in the polarization 
of the fluorescence upon binding of the labeled molecule to its receptor can be used to 
characterize the interaction. Surface plasmon resonance on the other hand is the most 
commonly used label-free measurement technique. It measures a change in refractive index 
of the medium in close vicinity of a substrate surface that can be used to monitor the binding 
of analyte molecules to receptor molecules immobilised on the substrate [17]. Therefore, SPR 
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offers label-free meaurements of real-time quantification of binding affinities and kinetics 
with relatively small amount of matertial consumption. The methods also include ultra 
violet-visible (UV-Vis) spectroscopy which measures the reflectivity and scattering of light 
from the substrate surface as a function of wavelength [18], and mass spectroscopy, which is 
an analytical technique that ionizes chemical species and sorts the ions based on their mass to 
charge ratio that can be used to characterization and sequencing proteins by ionization of 
whole proteins.   
Biocalorimetry is a method that directly measures the heat involved in biomolecular 
interactions. Biocalorimetry has distinctive advantages over others methods. First, it is a 
solution based method, as calorimetric measurements can be performed in solutions so that 
the biomolecules are free from having to be immobilized to a solid surface as others generally 
require. Therefore, biomolecule can retain their full conformational strength during 
interactions. Also, calorimetry directly measures heat involved in biomolecular activities and 
allows for determination of their thermodynamic propoerties. Moreover, calorimetry is a 
universally applicable method, as almost all of the biomolecular interactions are thermally 
active. At last, calorimetry is a label-free method, which means it generates biologically 
relevant data that enable understanding of molecular interactions without using artificial 
probes or labels [19].  
There are two major biocalorimetry techniques, the first is differential scanning 
calorimetry (DSC), which is a thermal analysis technique that determines the temperature 
and heat flow associated with material transitions within a specified temperature range [20]. It 
works by measuring the heat release in the temperature induced biomolecular activities, 
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either endothermic or exothermic, between a sample and a reference. The sample and 
reference are located in two idential calorimetric measurement cells whose temperatures are 
scanned at a specific rate in a chosen range. The measured heat release can then be used to 
calculate the temperature dependent thermodynamic properties of the sample molecules. 
Therefore, DSC is often used to observe fusion and crystallization events as well as heat 
induced protein confomational changes. The second technique isothermal titration 
calorimetry (ITC) on the other hand, measures heat either released or absorbed in 
biochemical reactions as a function of the molar ratio of the reactants. For example, a ligand 
solution in known concentration and volume is tritrated into a receptor solution of interest 
under isothermal conditions. The measured reaction heat is then recorded and used to 
calculate the binding parameters associated with the reactions. ITC is known to be the only 
technique that can simultaneously determine all binding parameters in a single experiment, 
and is label-free and solution-based, requiring no molecular labeling or surface 
immobilization. ITC is widely used in basic biochemical studies, as well as practical 
applications such as drug discovery and biotherapeutics development. 
1.3 MEMS Technology as Applied to Characterization of Biomolecular 
Interactions 
1.3.1 MEMS Technology 
MEMS technology is defined as miniaturized (from millimeters to submicrometers) 
mechanical and electro-mechanical elements such as sensor, actuators. The elements are 
made using the techniques of microfabrication as those used to create integrated circuits, 
which is usually achieved by repeating sequences of photolithography, etching, and 
5 
 
deposition steps to produce the desired configuration of features [21]. MEMS systems can 
potentially be fabricated at low cost and operated at high throughput due to batch fabrication 
and parallelized sample processing. In addition, due to the size scale advantage, MEMS 
technology also enables minimized sample consumption and the ability to respond on short 
time scales. Furthermore, It also allows for the integration of different functional units such 
hermetically sealed microfluidic structures for fluidic handling, manipulation, and 
well-controlled micro and nano environments in which biomolecules can be manipulated and 
studied [22]. Therefore, the development of MEMS devices for biomolecular analysis holds 
promise to overcome the disadvantages of the conventional technique for biological 
experiments and acts as a powerful strategy in molecular biology [23].  
Silicon is generally considered the material of choice in MEMS devices as the ability to 
incorporate electronic functionality make silicon attractive for a wide variety of MEMS 
applications. However, for the application of biomolecular characterization, flexible 
polymeric materials include polydimethylsiloxane (PDMS), poly (methyl methacrylate) 
(PMMA), polypropylene (PP), polyimide (PI), hydrogel, and polystyrene (PS) have exceled 
recently because of their enhanced and adjustable physiochemical properties such as 
robustness, transparency, low heat conductivity or electrochemical resistance. More 
importantly, polymer-based MEMS devices can be engineered thin and bendable, potentially 
allowing for the integration of sensors within textiles so as to achieve conformal contact to 
the curvilinear or uneven surfaces [24].   
However, the development of the polymer-based MEMS devices demands innovations in 
the fabrication process as the conventional photolithography process is largely incompatible 
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with polymer substrates. Therefore, functional printing techniques such as screen printing, 
ink-jet printing, etc., have become the most prevalent manufacturing method [25]. 
Nevertheless, the functional printing methods still is limited by the feature resolution as well 
as lacks the material available for processing so that it is still a pressing need to develop a 
suitable photolithographical process for polymer substrates.  
In addition, biomolecules are generally most stable and active in liquid form in a 
well-conditioned buffer. Therefore, MEMS devices used in biomolecular characterization 
generally are integrated with microfluidic structures for reagent handling and manipulation. 
Soft-lithography are the most commonly used process for manufacturing microfluidic 
structures, and PDMS is commonly used as a stamp resin material. PDMS based 
microfluidics, however, have three inherent limitations. First, PDMS can both absorb small 
hydrophobic molecules and adsorb larger biomolecules such as proteins on its surface. This 
has been identified as a significance problem for molecular biological analysis, as the use of 
PDMS can significantly bias the result of experiments with inconsistent reagent concentration 
information and impact the device reusability. In addition, since PDMS is a gas permeable 
material, water vapor permeation through PDMS can lead to inaccurate reagent volume 
information and change in reagents molarity, especially at elevated temperature, which may 
affect the accuracy of the experiment. Most importantly, PDMS based microfluidics made by 
soft-lithography techniques only allows the fabrication of two-dimensional (2D) 
topographical profile per step, so that any attempt to enable a high operating efficiency of a 
3D microfluidic functional structure (e.g. for efficient micromixing) would require manual, 
and complicated multi-step process integration, thus reducing the fabrication yield, increasing 
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the device cost, and affecting the device reliability. 
Alternatively, 3D printing, a technology that was widely believed by many to have the 
potential to change the field of microfluidics has emerged as preferred method for 
manufacturing microfluidic devices. 3D printing excels in many areas. First, it has the 
capability to fabricate a complete microfluidic device in a single step with a feature resolution 
as small as tenth of microns; second, it enables fabrication in three dimensions, thus enabling 
the construction of 3D microfluidic structures that are not achievable using conventional 
photolithography technique; finally, it also enables rapid prototyping, thereby significantly 
shortening the design turnaround time. Thus, in recent years, the use of 3D printing 
technology in the field of microfluidics had flourished. However, a collection of microfluidic 
structures alone cannot enable all the lab-on-a-chip operations, as they also require integrated 
electronics such as sensors and transducers to become complete lab-on-a-chip diagnostic 
systems. Therefore, how to integrate sensors and transducers with 3D printing microfluidic 
structures have become a major challenge and is yet to be resolved. 
1.3.2 MEMS Technology for Biomolecular Characterization 
MEMS technology has various advantages in terms of functions compared with their 
macroscopic counterparts: higher sensitivities in sensors, small amount of samples required, 
fast response. It also offers the advantages of the batch fabrication of many devices and can 
integrate multiple functional units in a small area. Furthermore, MEMS devices are easily 
integrated with microfluidic handling of well-defined liquid-phase samples and more 
importantly, well-controlled micro- or nanoscale environments in which biomolecules are 
effectively manipulated and analyzed. Therefore, MEMS technology tailored to biomedical 
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applications holds great potential in facilitating characterization of biomolecular interactions. 
MEMS technologies have successfully been implemented in methodologies including 
fluorescence microarray technology [26, 27], Microfluidic based SPR [28-30], quartz crystal 
microbalance (QCM) [31, 32], and Microcantilevers [33, 34]. For example, Cretich et al., 
demonstrated the detection of allergen specific immunoglobulin E (IgE) using electrode 
microarray coupled to microfluidics, which enables the binding between the allergen and IgE 
by ensuring an efficient mixing of the samples on the surface of the microarray [27]. Luo et 
al., used a microfluidic device containing an array of antigens or antibodies attached gold 
surfaces to monitor and characterize the antibody-antigen binding events [29]. In addition, 
Godber et al., developed a microfluidic QCM immunosensor with an entirely electronic 
construction for the quantification of myoglobin interactions kinetics and the ranking of 
enzyme-cofactor specificities in microchannels. Finally, Etayash et al., used a suspended 
microchannel resonator, where a sample reagent incorporating channel was embedded inside 
a microcantilever for use in the real-time detection of bacteria and their response to binding 
with antibiotics [34]. However, MEMS devices based on the above-mentioned methods 
lacked the ability to characterize the thermodynamic properties of biomolecules or 
biomolecular activities to establish a connection between temperature and specific physical 
properties of substances [21].  
1.3.3 MEMS Technology for Biocalorimetry 
To fill the void, several types of MEMS calorimeters have been developed. MEMS 
technology was first adopted in calorimeters that targeted solid or thin film samples. For 
example, Denlinger et al., developed a microcalorimeter that uses a platinum thin film 
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resistor for characterizing heat capacity of metallic samples up to 800 K [35]. For the same 
purpose, Lai et al., used an ultrathin silicon nitride (SiN) membrane based microcalorimeter 
to support nickel (Ni) heating element as well as to enhance the thermal isolation [36]. The 
same calorimeter was also used to determine the thermodynamic properties of tin (Sn) 
nanostructures [37]. For thin film thermodynamic properties measurement, Fominaya et al., 
presented a nanocalorimeter that specifically targets in the temperature range of 1.5 – 20 K 
for the study of metal heat capacity [38]. Zhang et al., first employed the method of 
differential measurement to study the melting behavior of nanometer indium films [39]. 
Jaeggi et al., first reported a miniaturized AC calorimetric sensor based thermoelectric 
sensing principle by using a polysilicon/aluminum thermopile realized by complementary 
metal–oxide–semiconductor (CMOS) IC technology [40]. Besides characterizing thin film 
properties, microcalorimeter were also used for gas detection. Cavicchi et al. presented a 
MEMS calorimeter with polysilicon/metal thermoelectric junctions suspended on a 
diaphragm for combustible gas detection in a differential setup [41]. Guidi et al., reported a 
thick film microcalorimeter fabricated by screen printing that were suitable for gas sensing 
applications. However, none of these devices were designed nor optimized for processing 
liquid samples for characterizing biomolecules.  
Efforts have also been made in developing solution based MEMS calorimeters as well. 
Chancellor et al., developed a droplet based micromachined calorimeters that measuring 
enthalpies in chemical or biological reactions in picoliter volume [42]. Moreover, Lerchner et 
al., published a series of articles based on a microfluidic segment flow technology [43] to 
study a variety of biological applications such as the aggregation of biological samples [44], 
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degradation of the soil organic matter [45] as well as the infection related heat profile [46]. 
Similarly, Hany et., developed differential based continuous in-channel delivery method, 
which was used to calculate the enthalpy change during a reaction [47]. Also, Recht et al., 
measured the reaction heat of biomolecular binding event in real time by merging sequential 
injection of small droplets of the ligand into the receptor in a 96-well array format [48]. 
However, MEMS devices that offer ITC capabilities do not yet allow proper control of 
reaction conditions for thermodynamic characterization of biomolecular reaction systems. In 
particular, flow-through based MEMS calorimetric devices have limited sensitivity due to 
poor thermal isolation. In addition, devices that use droplet-based reactions generally do not 
allow for well-defined reaction volumes and are further complicated by evaporation-induced 
noise and volume change. Hence, such devices are not well suited to quantitative 
measurement of thermodynamic reaction parameters. 
In attempt to address these issues, our lab developed MEMS-based DSC and ITC devices 
using silicon-based microfabrication techniques. Measuring by a differential scheme, the 
calorimeters consist a sample and a reference measurement chamber, as well as microfluidic 
handling, miniature environment control, and thermoelectric transduction functionalities for 
biomolecular characterization that include the study of biomolecule thermodynamic 
properties or binding parameters associated with its interactions with a target. Its potential, 
however, for practical applications was hindered for the following reasons. First, the devices 
were silicon-based. While this allowed for established microfabrication techniques, the high 
thermal conductivity of silicon necessitated the use of freestanding structures to increase the 
thermal isolation of the measurement samples. This increased the complexity of the 
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fabrication process, reduced its yield, and along with the relatively high cost of silicon, made 
the devices rather expensive. In addition, the fragility of the freestanding structures caused 
significant reliability issues during the devices’ operation, especially at elevated temperatures. 
Second, the initially demonstrated the silicon-based devices were operating without any 
characteristic analysis, so that factors such as volume mismatch, reaction volume information, 
evaporation of reactants might influence both the sensitivity and accuracy of the calorimetric 
measurements. Finally, the previously demonstrate devices all used PDMS-based 
microfluidic structures. As stated above, the use of PDMS can significantly bias the result of 
experiments with inconsistent reagent concentration, and volume information to impact the 
measurement accuracy.  
1.4 Contributions and Significance of This Thesis 
This thesis addressed the above limitations of prior MEMS calorimetric devices by 
implementing polymer-based MEMS calorimetric devices for characterizing biomolecular 
interactions with reduced sample consumption, and high operational throughput. The work 
incorporated in this thesis can be divided into four major categories: the development of the 
polymer-based MEMS thermoelectric transducer; the development of MEMS DSC for the 
characterization of temperature dependent thermodynamic properties of the biomolecules in 
solution, and the characterization of thermodynamic properties of the binding between a 
target and a receptor using MEMS-ITC, as well as the integration of 3D printed microfluidic 
structures with polymer-based MEMS transduces for the characterization of biomolecular 
interactions.  
The major contributions of this thesis are summarized as follows. 
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This thesis develops MEMS calorimetric devices for quantitative thermodynamic 
characterization of biomolecular interactions with improved throughput, reduced sample 
consumption and device response time. To quantitively characterize thermodynamic properties 
of biomolecular interactions, this thesis developed MEMS calorimetric devices that offered 
real-time, in-situ temperature control to biomolecules with well-defined miniature volumes 
that combined with the improved sensitivity to reduce consumption of material. In addition, the 
sample volume reduction in combination with the device miniaturization also lead to 
substantially reduced thermal mass of the measurement system for a rapid response time and 
improved throughput than those used in conventional calorimeters. 
This thesis develops polymer-based calorimetric devices that enhance sensitivity, reduce 
the device cost, improve the device yield and reliability. Existing MEMS calorimeters were 
not yet adequate for practical applications. This thesis addressed the limitations of prior 
MEMS calorimetric devices (in particular those of our previous silicon-based devices) with 
polymer-based MEMS calorimetric devices. The polymer-based calorimetric device design 
eliminated the use of silicon, and exploited the low thermal conductivity of the polymer 
substrate to achieve thermal isolation of reaction samples in the absence of any complex or 
fragile freestanding structures. The use of inexpensive polymers and the elimination of the 
freestanding structures simplified the fabrication process, increased the fabrication yield, 
reduced the device cost, and improved the device reliability.  
This thesis demonstrates both polymer-based MEMS DSC and ITC measurement 
approaches, which are the two most important and commonly used calorimetry measurement 
modes. The utility of the polymer-based MEMS devices was implemented in both DSC and 
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ITC measurement approaches, which were the two most important and commonly used 
calorimetry measurement modes. Specifically, the DSC characterization of protein unfolding 
had led to the characterization of the specific heat capacity, molar enthalpy change, and 
melting temperature of the protein. The utility of the device was demonstrated by DSC 
measurements of the unfolding of lysozyme in a small volume, and at practically useful 
protein concentrations. In addition, the ITC characterization of biomolecular interactions had 
led to determination of the stoichiometry, equilibrium binding constant, and enthalpy change 
for the model reaction system of 18-Crown-6 and barium chloride in an overall 40-time 
regent consumption reduction compared with the existing devices, making the devices 
practically applicable. Therefore, the polymer-based devices presented in the thesis can 
potentially replace the conventional methods with accurate, sensitive measurement with 
reduced sample consumption, device response time, and the overall experimental duration.  
This thesis contributes to the development of fabrication technologies for MEMS 
calorimetry: (a) A universally applicable photolithographical process for MEMS devices 
fabrication; (b) the first demonstration of a miniaturized 3D-printed LOC platform that 
integrates a polymeric MEMS-based measurement approach for quantitative ITC 
characterization of biomolecular interactions. Due to film retention issue during lift-off, 
conventional photolithography process was largely incompatible with polymer-based MEMS 
devices. In this thesis, a thick-film polymer-based MEMS device fabrication technique using 
an innovative thermally assisted lift-off process was developed. The thermally assisted 
process facilitated the sacrificial removal of the photoresist, thereby resolving the 
incompatibility issue, and enabled the fabrication of a thick-film polymer-based MEMS 
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devices that allowed low-noise, high-efficiency measurements built on a mechanically robust, 
and inexpensive, commercially available polymer substrate.  
Due to its surface property and gas permeability, PDMS can significantly bias the result 
of calorimetric experiments with inconsistent reagent concentration information and impact 
the device reusability. To address this, this thesis presented the first demonstration of a 
miniaturized 3D-printed LOC platform that integrates a polymeric MEMS-based 
measurement approach for quantitative ITC characterization of biomolecular interactions. 
The platform replaced PDMS in calorimetric analysis with non-permeable, biocompatible 
materials, thereby facilitating device operation and maintenance, making the device reusable. 
In addition, exploiting the topographical flexibility offered by 3D printing, the platform 
consisted structures that were unavailable to the conventional means of microfabrication, 
such as cantilever-like structures that both enhanced thermal isolation and reduced device 
thermal mass, thereby enhancing the measurement sensitivity and reducing the platform 
response time.  
1.5 Thesis Outline 
In Chapter 2, polymer-based MEMS thermoelectric sensors fabricated using an 
innovative low-temperature thermally assisted lift-off process is described [49]. During the 
process, thick metal or semiconductor films experience controlled breakup due to thermal 
reflow of the underlying lithographically defined photoresist patterns, and facilitating the 
sacrificial removal of the photoresist. The process is then used to fabricate polymer-based 
MEMS thermoelectric sensors consisting of a 60 junction Bi-Sb thermopile. The 
experimental results of the sensors showed a bulk material comparable thermoelectric, and 
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electric performances, thus enable the fabricated MEMS sensor to be used in low-noise, 
high-efficiency thermoelectric measurements. 
In Chapter 3, the fabrication method presented in Chapter 2 is used to develop a 
polymer-based MEMS DSC device [72, 73] for studying the temperature-dependent 
thermodynamic properties of biomolecules. The device consists of identical serpentine 
microfluidic sample and reference flow channels and a 200-junction thin-film Sb–Bi 
thermopile that is situated on a polymer substrate. The temperature induced differential power 
between the sample and reference measurement channels is measured to determine the 
temperature dependent thermodynamic properties of the biomolecules. The utility of this 
MEMS calorimeter is demonstrated by measuring the unfolding of lysozyme in a small 
volume (0.8 μL), and at practically useful protein concentrations (5 mg/ml) 
Chapter 4 describes a quantitative ITC measurement approach implementing in a 
polymer-based MEMS microdevice. The polymer-based ITC device design eliminates the use 
of silicon, and exploits the low thermal conductivity of the polymer substrate to achieve 
thermal isolation of reaction samples in the absence of any complex or fragile freestanding 
structures, thereby simplifying the fabrication process, increasing the fabrication yield, 
reducing the device cost, and improving the device reliability. During the ITC device 
operation, reactants and reference solutions are introduced to their respective measurement 
chambers, and the reaction-induced differential thermal power is measured and used to 
compute the thermodynamic binding parameters associated with the reaction. The potential 
utility of the device has been demonstrated with quantitative ITC measurements of a model 
reaction system in which the ligand BaCl2 is titrated into the receptor 18-C-6 at a 
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concentration of 2 mM.  
Chapter 5 presents an improved ITC microdevice based on the systematic 
characterization of the factors that affect both the sensitivity and accuracy of the ITC 
measurements [111]. Thus, a 3D chaotic mixing-titration ITC design approach is used based 
on insights gained from these characterizations. The design features 3D mixing-titration 
channels that integrates the functionalities of reagents mixing, titration, and thermoelectric 
transducing. This integration eliminates heat loss during mixing, minimize flow-induced 
measurement noise while maintains a distinctive device response time to allow thermodynamic 
characterization of reaction systems with fast kinetics. The potential utility of the device has 
been demonstrated with quantitative ITC measurements of a model reaction system in which 
the ligand barium chloride is titrated into the receptor 18-Crown-6 at a practically useful 
limit-of-detection level of 25 nW, and a receptor consumption of 50 ng. 
Chapters 6 presents a 3D printing-based ITC LOC platform that integrates with the 
polymer-based MEMS sensor chip for characterization of biomolecular interactions. In this 
chapter, the use of PDMS microfluidic structures is eliminated entirely, and the LOC platform 
exploits the topographical flexibility offered by 3D printing and features fully isolated 
cantilever-like calorimetric measurement structures in a differential setup. This design layout 
improves thermal isolation and reduces overall platform thermal mass, thereby enhancing the 
measurement sensitivity and reducing the platform response time. The utility of the platform 
is demonstrated by quantitative ITC measurements of the binding of RNase A with 2’CMP at 
low cost, using practically relevant reagent concentrations (0.2 mM). These results 
demonstrate the potential of our approach for efficient quantitative ITC characterization of 
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biomolecular interactions in biomedical applications. 






















Chapter 2 A Thick-Film MEMS Thermoelectric Sensor Fabricated Using 
a Thermally Assisted Lift-Off Process 
 
In order to develop MEMS calorimeters that are economical, robust, and highly sensitive, 
one potential approach is to eliminate the use of silicon due to its fragility, relatively high 
thermal conductivity and manufacturing cost. The promising replacement for silicon is 
polymeric materials as they possess properties such as robustness, transparency, low thermal 
conductivity and electrochemical resistance, ideal for thermodynamic characterization of 
biomolecular interactions. However, the conventional photolithography process is largely 
incompatible with polymeric materials, and there is a pressing need to develop a suitable 
photolithographical process for polymeric materials. 
This chapter presents a thick-film polymeric MEMS thermoelectric sensor fabricated by an 
innovative low-temperature thermally assisted lift-off process. During the process, thick metal 
or semiconductor films experience controlled breakup due to thermal reflow of the underlying 
lithographically defined photoresist patterns, thereby facilitating the sacrificial removal of the 
photoresist. This enables rapid and reliable patterning of thick films on polymer substrates that 
can otherwise be difficult to achieve by conventional processes. Experimental results with a 
sensor consisting of a 60-junction thick-film antimony-bismuth thermopile demonstrate an 
electric conductivity of 5.44×106 S/m and a Seebeck coefficient of 114 µV/K per junction, 
which are comparable to those obtained from bulk materials. Thus, the thick-film sensor can 
potentially allow low-noise, high-efficiency thermoelectric measurements. 
2.1 Introduction 
Microfabricated thermoelectric sensors that consist of thin-film of two dissimilar metals or 
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semiconductors, with their patterned junctions at different temperatures to produce a 
differential voltage, are widely used in microelectromechanical systems (MEMS) [50-53]. 
However, the sensitivity of existing microfabricated thermoelectric sensors are limited by 
reduced electric conductivity of metallic materials in thin-film form than in bulk due to 
scattering of electrons on film surfaces [54], which increases thermal noise [55] as well and 
decreases the thermoelectric efficiency [56].  Since this issue can be alleviated by using thin 
films of relatively large thicknesses (hereafter referred to as thick films), there is a need for new 
methods that allow the deposition and patterning of such films.  
Lift-off, an essential fabrication method for thin-film technology, generates patterned 
material (e.g., metal) films through the deposition of one or more pattern-defining layers of 
sacrificial photoresists on a substrate [57-62]. However, conventional lift-off techniques are 
currently limited by the retention of undissolved photoresist in thick-film applications (i.e., 
unwanted film patterns that remain on the substrate without being lifted off) [63, 64]. In 
addition, recent research in achieving reliable thick-film lift-off requires specialized 
materials/instruments [65], multiple processing steps [66], and most significantly, long etching 
times to increase the undercut depth which may lead to pattern erosion [67, 68]. These issues 
make it rather difficult to pattern thick films and can also complicate downstream 
micromachining processes, in particular for flexible substrates. As a result, existing 
thermoelectric sensors are forced to be fabricated with limited sensitivity and a relatively low 
yield.  
This chapter presents a thick-film MEMS thermoelectric sensor fabricated using an 
innovative thermally assisted lift-off process. In this process, thick metal or semiconductor 
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films experience controlled breakup due to thermal reflow of the underlying lithographically 
defined patterns. This facilitates the sacrificial removal of the photoresist and formation of a 
thermoelectric sensor consisting of a thick-film, multi-junction thermopile on a flexible 
substrate. The sensor offers an improved sensitivity by using thick films to alleviate the 
reduction in the thermal noise and increase in the thermoelectric efficiency. Meanwhile, the 
sensor can fabricate with a higher yield and less processing time, as thermally induced reflow 
of photoresist facilitates sacrificial removal of the resist for the patterning of thick metal or 
semiconductor films. For thick films of a given thickness, the thermal reflow-based technique 
also allows the use of thinner sacrificial photoresist (by ~60%) compared to that in 
conventional processes, resulting in the minimization of feature erosion in the sensor. 
Experimental results with a sensor using a 60-junction thick-film antimony-bismuth 
thermopile demonstrate an electric conductivity of 5.44×106 S/m and a Seebeck coefficient of 
114 µV/K per junction, which are comparable to those of bulk material-based thermopiles. 
Thus, the sensor can potentially be useful in low-noise, high-efficiency thermoelectric 
measurements. 
2.2 Material and Methods 
The low-temperature, thermally assisted lift-off fabrication process is applicable to both 
bilayer and single-layer lift-off processes. The bilayer process (Figure 2-1a-d) involves heating 
of the lift-off structure after a target material (e.g., metal) has been deposited on top of the 
bilayer photoresists structure to induce thermal softening and rounding (reflow). Due to the 
different reflow temperature required, (e.g. LOR > 250 oC, S1811 < 200 oC) the bottom 
photoresist undercut layer remains undeformed while the top layer deforms. The strain 
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generated during the deformation causes the  
 
 
Figure 2-1. Principle of thermally assisted lift-off method: (a-d) bilayer; (e-h) single-layer. 
thick-film to conform to the shape of the deformed photoresist, introducing gaps where the 
deposited thick-film is thinnest due to the poor step coverage of film coating (Figure 2-1c). 
These gaps allow stripper solution to access the photoresists previously covered by the 
thick-film, and thus complete the lift-off process. This reflow principle also applies to the 
single-layer lift-off process (Figure 2-1e-h). However, while conceptually simpler, the 
single-layer process is more challenging as without the support of a bilayer structure (i.e. the 
undercut profile), the metal or semiconductor film step coverage on the sidewall is much 
thicker and more difficult to break as compared to the bilayer process (Fig. 1g). Therefore, the 
positive photoresist AZ 4620 is specifically chosen as its reflow properties have been 
extensively studied [69]. 
The thermally assisted lift-off process was first tested for the lift-off of Bi film on a silicon 
wafer. The bilayer lift-off began with the spin-coating and patterning of 1.2 μm thick layer of 
LOR 10A and 1 μm of S1811. ~2 μm of Bi was then thermally evaporated, after which the 
wafer was diced. Half of samples was heat-treated on a hot plate at 170 °C for 2 min to allow 
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photoresist reflow. This temperature was chosen to match the soft bake temperature of the 
LOR while being greater than the baking temperature of S811 (115 °C), thus inducing S1811 
reflow. The remaining samples was kept at room temperature. The samples were then 
submerged in remover PG at room temperature to complete the lift-off. Similarly, the 
single-layer method began with the spin-coating and patterning of 5 μm thick AZ 4620 on 
another silicon wafer, followed by the thermal evaporation of 0.5 μm Bi. The silicon wafer was 
again diced and divided to a half so that samples would serve the same purpose as described 
above. A heat treatment of 115 oC for 10 mins was used for AZ 4620 photoresist reflow in the 
single-layer lift-off process.  
The lift-off process was then used to fabricate a MEMS thermoelectric sensor on a flexible 
polyimide film substrate. Both single-layer and bilayer processes were used to fabricate a 
thermopile that consists of 60 Bi-Sb thermoelectric junctions. The bilayer process began with 
the reversible bonding of a polyimide film (Kapton® 50HN) to a silicon carrier wafer using 
spin-coated poly (dimethylsiloxane) (PDMS) as an adhesion layer. A 2 μm layer of Bi was then 
lifted-off using bilayer process described above, followed by an identical process to lift-off 1 
μm thick Sb. Next, a layer of polyimide (PI-2610) with a thickness of 2 μm was spin-coated 
cured, and served as a passivation layer. Subsequently, a layer of chromium/gold (7/100 nm) 
was evaporated and patterned as on-chip heaters and sensors for device characterization 
purposes. Finally, the polyimide film was mechanically released from the carrier wafer 
completing the fabrication process.  
For the single-layer lift-off process, a 0.5 μm layer of Bi was thermally evaporated onto the 
polyimide film followed by heating to allow the photoresists reflow using the above mentioned 
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parameters. The Bi film was next submerged in acetone at room temperature to complete the 
lift-off. Next, 0.5 μm Sb was lifted-off using the same process. This was again followed by the 
fabrication of on-chip heaters and sensors as well as the mechanical release of the polyimide 
substrate.  
The electrical as well as the thermoelectric performance of the fabricated flexible 
thermoelectric sensor were assessed. In order to calculate the electrical conductivity of the 
thermopile junctions, flexible thermoelectric sensors were placed inside an environmental 
chamber (Test Equity model 115). The temperature of the sensor was determined by the 
on-chip resistive temperature sensor, whose resistance, along with the resistance of the 
patterned Bi and Sb films, was measured by a digital multimeter (Agilent 34410A).  After 
the determination of the electrical conductivity, the sensor was placed inside a thermal 
enclosure to calculate the overall Seebeck coefficient of the thermoelectric materials per 
junction. The on-chip micro-heaters were driven by a power supply (Agilent E3631A) to 
generate a differential power input. This resulted in a temperature increase at the hot junctions 
of the thermopile, which was measured using the temperature sensor. The corresponding 
thermopile output voltage was measured by a nanovoltmeter (Agilent 34420A). These 
thermoelectric and resistive measurements were automated using a LabVIEW program.  
2.3 Results and Discussion 
In order to fully understand the effects of heating on the thick films, the surface 
morphology of the diced Bi samples from both single and bilayer processes were studied using 
both optical microscopy and scanning electron microscopy (SEM). Optical microscopes were 
used to observe and compare before and after the heat treatment for both processes. For the 
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bilayer process, after placing the sensor on a hotplate at 170 oC for 2 min the photoresist 
deformed as shown as a black-colored features (Figure 2-2) located between the patterned 
thermopile junctions. This was consistent with our expectation that the thermopile junctions 
(shown as white lines in between black pattern on Figure 2-2b) would not be affected by the 
film deformation. 
SEM (Hitachi S-4700 Scanning Electron Microscope) samples were first tilted at a 70o 
angle to observe the metal topography under the effect of photoresist reflow. Figure 2-3a 
showed before heating induced reflow, the Bi film was uniformly coated onto the bilayer 
photoresist structure. After heating (Figure 2-3b), the Bi film conformed to a dome-shaped 
profile to break up the film coverage on the photoresist sidewall as we described in Fig. 1 due 
to the melting and reflow of the photoresist. Next, both the sideview and topview of the Bi 
thermoelectric junctions were observed using the SEM micrograph confirmed that the Bi film 
coverage (Figure 2-4a) was indeed broken up (Figure 2-4b) by photoresist reflow. Also, it is 
important to note that the S1811 photoresist deformed within 10 s upon heating; however, it 
was not enough to break-up the Bi metal coverage on the photoresist sidewall. In addition, 
increasing the heating time beyond 2 minutes had no effect on the lift-off photoresist removal 
time and was avoided because it caused photoresists to stick to the substrate and fail to 








Figure 2-3. SEM micrographs before (a) and after (b) heating induced photoresist reflow. 
Specifically, before heating, the deposited Bi film (~2 μm) was thicker than the LOR 
undercut depth (~1.2 μm), and therefore completely covered the bilayer photoresists. This 
blocked (Figure 2-4c) the stripping solution (Remover PG) and caused the failure of the 
lift-off. As a result, 90% of unwanted Bi still remained after submerging in Remover PG for 8 
hours at room temperature and an additional 4 hours at 70 oC (Figure 2-5b). On the contrary, 
after heat treatment (Figure 2-4d), due to the releasing of residual stress, unbound Bi film 
formed large wavy gaps along the line edges, which allowed remover PG to access the 
sacrificial photoresist rapidly, thereby enabling total lift-off of 2 μm thick Bi within 4 hours 
with a minimum feature size of 10 µm and smooth edges at room temperature (Figure 2-5a). 
This thermally assisted method is also applicable to the simpler single-layer lift-off. Under 
optical microscope, before heating, (Figure 2-6a) the Bi film exhibited a uniform coating on 
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the patterned  
 
Figure 2-4. (a) SEM micrograph of Bi without heating; (b) SEM micrograph of Bi after heating at 
170 oC for 2 min; (c) SEM micrograph of Bi film covering the sidewall; (d) Zoomed in micrograph of 
the gaps created by heating. 
 
Figure 2-5. (a) A clean Bi lift-off after submerging in Remover PG for 4 hours at room temperature; 
(b) 90% of unwanted Bi still remained after submerging in Remover PG for 12 hours without prior 
heat treatment. 
photoresist. However, after heating (Figure 2-6b) the Bi film did not exhibit black features as 
in the bilayer process, instead, the reflow of the AZ 4620 caused the rounding of the 
photoresist that lead to an increase of the feature width (indicated by arrows). This is 
expected for the reflow of AZ 4620 [17]. Also, the edge of the photoresist sidewall showed 




Figure 2-6. (a) Optical micrograph of Bi without heating; (b) optical micrograph of Bi after heating 
at 110 oC for 10 min. 
SEM was then used to confirm the existence of the metal discontinuities on the 
photoresist sidewall. Without heating (Figure 2-7a, c), the deposited Bi formed a continuous 
metal cover on the photoresist AZ4620, which prevented the access of the photoresist stripper 
(acetone) and caused lift-off to fail. We found a 95% of unwanted Bi film still remaining 
after submerging in acetone for 8 hours at room temperature and an additional 4 hours in 
acetone at 60 oC. On the contrary, after heating, the reflow of AZ 4620 introduced cracks 
along the line edges (both on top and bottom), as well as discontinuities on the sidewall 
(Figure 2-7b, d), so that acetone was able to interact with the AZ4620 and dissolve it. Heat 
treatment at a higher temperature or for a longer time would cause potential undesirable 
changes in the AZ4620 photoresist preventing its dissolution in a stripper solution.  
The heating of the lift-off structures enabled complete lift-off of 0.5 µm thick Sb and Bi 
within 8 hours of submerging in acetone at room temperature, or within 4 hours of 
submerging in acetone at 60 oC (Figure 2-8a, b). The resulting thermoelectric junctions had a 
minimum feature size of 10 µm and smooth edges. The longer lift-off time compared with the 
bilayer process was expected, as the cracks and discontinuities were much smaller than the 
large gaps created by the film break-up using the bilayer process as the metal or 
semiconductor film covering on the photoresist sidewall is much thicker and more difficult to 
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break compared to the bilayer process (Figure 2-1g). To sum up, although both processes offer 
reliable thick-film lift-off, the single-layer process offers simplicity while the bilayer process 
enables the lift-off of same thick-film thickness while using a much thinner undercut resist 
layer and is more suitable for applications that benefited from having a thicker film. In 
addition, the yield of this process is related to the deposited film thickness as well as the 
sacrificial resist thickness used. Using the same resist thickness, the yield will gradually 
decrease as the deposited film thickness increases. This is expected as it will be more difficult 
to break the metal or semiconductor film coverage of the underlying lithographically defined 
patterns. However, at the testing condition the yield is close to 90%.  
 
Figure 2-7. SEM micrographs of Bi (a) top-view before heating; (b) top view after heating, showing 
cracks on the bottom of the sidewall; (c) side view before heating; (d) side view after heating, 




Figure 2-8. (a) 90% of unwanted Bi still remained after submerging in acetone for 12 hours without 
prior heat treatment; (b) a clean Bi lift-off after submerging in acetone for 8 hours at room 
temperature. Black shades are a result of microscope artifact. 
The bilayer process was then used to fabricate flexible thermoelectric sensors with a 
minimum feature solution of 10 µm (Figure 2-9c). Higher spatial resolutions are achievable 
using this method with the use of higher-resolution photomasks as patterned thermoelectric 
junctions were not damaged by the heating induced film breakup and thus would not limit the 
feature resolution. The average electrical conductivity of the Bi and Sb was calculated and 
plotted using the measured resistance for both materials at different temperatures (Figure 2-9a), 
which were measured using the calibrated on chip temperature sensor. At room temperature, 
the average electrical conductivity per Bi-Sb junction was obtained as 5.44×106 S/m. The 
electrical conductivity was comparable to that of the bulk material [70], and was due to the use 
of thick films. In addition, using the sensor shown in Figure 2-9c, the average Seebeck 
coefficient of the Bi-Sb thermopile per junction was also found to be 114 µV/K (Figure 2-9b).  
This is within 5% of the Seebeck coefficient for bulk Sb-Bi material at room temperature 
(119µV/K) [71]. The obtained electric and thermoelectric performance of Bi-Sb thermopile 
junctions demonstrate there is little effect of heating on the film properties due to the use of low 




Figure 2-9. Electric and thermoelectric performance of the flexible thermoelectric sensor: (a) 
electrical conductivities of Bi-Sb (per junction) with as a function of temperature. Error bar was 
obtained from the resistance measurements of three different devices. 
2.4 Conclusion 
This chapter has presented a thick-film flexible thermoelectric sensor fabricated using a 
low-temperature thermally assisted lift-off process. In this process, low-temperature heating 
induced photoresist reflow causes the breakup of the metal or semiconductor film coverage on 
lithographically patterned photoresist, thereby facilitating the sacrificial removal of the 
photoresist, as well as rapid and reliable formation of patterns in the thick films. Both 
single-layer and bilayer lift-off processes were used to fabricate the sensor. Optical microscopy 
and SEM methods were used to characterize the topography of the thick-film before and after 
the reflow process. 
This method was then demonstrated by the fabrication of the thermoelectric sensor on 
flexible substrates. Metal films up to 2 µm thick were patterned within 4 hours at room 
temperature to produce 60 Bi-Sb thermoelectric junctions with a minimum feature size of 10 
μm. Testing of the sensor at room temperature yielded an average electrical conductivity of 
5.44×106 S/m per Bi-Sb junction. The Seebeck coefficient per Bi-Sb junction was 114 µV/K. 
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These properties are within 5% of that of those of bulk materials, allowing the thick-film sensor 
to be of potential utility in low-noise, high-efficiency thermoelectric measurements. Therefore, 
the method for fabricating polymer-based MEMS thermoelectric sensors was used in the 




























Chapter 3 A Polymer-Based MEMS Differential Scanning Calorimeter 
 
After successfully fabricated the MEMS sensor capable of detecting differential heating 
power, this chapter adopts the measurement principle and presents a polymer-based MEMS 
DSC device. The device integrates highly sensitive thermoelectric sensing, real-time 
temperature monitoring and microfluidic sample and reagent handling for the thermodynamic 
characterization of biomolecules with minimized sample consumption. The device, based on 
an inexpensive, commercially available polymer substrate, consists of a pair of calorimetric 
microchannels that are integrated with resistive temperature sensors and heaters as well as an 
antimony–bismuth (Sb–Bi) thermopile. For DSC measurements, the two channels are filled 
respectively with a biomolecular sample and a reference solution, whose temperatures, 
measured in situ using the resistive temperature sensors, are varied at a constant rate using 
closed-loop temperature control. The difference in the thermal power between the sample and 
reference induces a temperature difference, which is measured using the thermopile for 
thermodynamic characterization of the biomolecules. We demonstrate the utility of this 
MEMS DSC device by measuring the unfolding of lysozyme in a small volume (1 µL), and at 
practically useful protein concentrations (5 mg/mL). Thermodynamic properties of lysozyme, 
such as the molar enthalpy change and melting temperature at different lysozyme 
concentrations, have been obtained and found to agree with published data. 
3.1 Introduction 
 DSC is a thermal analysis technique which has been used to measure the temperatures 
and heat flows associated with transitions or thermally active processes in materials as the 
temperature of the sample is varied [74].  
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When applied to characterizing biomolecular interactions and conformational transitions 
[75], DSC allows universally applicable, direct, label-free (i.e., the biomolecules is not 
labeled by florescent, enzymatic or radioactive material) detection [76], and is widely used in 
determining the thermodynamic properties of biomolecular interactions and conformational 
transitions [20, 77].  However, the practical use of conventional DSC instruments is 
impeded by low throughput, large sample consumption and complicate construction [78]. 
While MEMS techniques can potentially address the aforementioned issues with improved 
throughput as well as reduced thermal mass and sample volume, previously-reported 
MEMS-based DSCs are still limited by drawbacks such as an inability to process liquid 
samples of well-defined volume, as most of the current MEMS calorimeters are only 
designed for solid, gas-phase detection [79, 80]. Also the lack of precise environmental 
control [42] or use of droplet detection [81] can potentially hinder the accuracy of the 
detection as such devices are prone to environmental noise and miscalculation of the 
volume-specific information.   
We have previously demonstrated a silicon-based MEMS DSC device [82] that integrated 
microfluidic calorimetric channels and an antimony–bismuth (Sb–Bi) thermopile on a single 
chip, thereby allowing sensitive measurements with well-defined sample volumes (1 µL) with 
minimized evaporation. However, its utility was limited by expensive and time consuming 
silicon-based fabrication processes. Furthermore, the device’s robustness was limited by the 
use of freestanding microstructures, which, at elevated DSC measurement temperatures, were 
prone to failure. 
This chapter aims to address these limitations by presenting a polymeric MEMS DSC 
34 
 
device. The device incorporates microfluidic channels, temperature sensors and heaters, and 
Sb–Bi thermopile junctions all on an inexpensive, commercially available polymeric 
substrate. The low intrinsic stress and the elimination of the fragile freestanding structures in 
the polymeric device lead to significantly improved device robustness and fabrication yield. 
The low thermal conductivity of the polymeric substrate and the use of air-gaps surrounding 
the microfluidic channels provide enhanced thermal isolation of samples and reagents for 
improved measurement sensitivity. The mechanical flexibility of the substrate also 
accommodates the deformation of the substrate and allows the device to conform to 
non-planar surfaces that can potentially be useful in applications with geometries with 
curvature. Moreover, by the use of polymeric materials, the device can be low cost and hence 
be potentially used in a disposable manner, eliminating cross contamination between samples 
in different experiments. We demonstrate the utility of this polymeric MEMS DSC device 
through measurements of the unfolding of the protein lysozyme at 5 mg/mL, a concentration 
relevant to practical applications. 
3.2 Principle and Design  
3.2.1 Principle 
The polymeric MEMS DSC device monitors voltage differences between hot and cold 
junctions of a thermopile, induced by heat generation during biomolecular interactions. A 
sample solution containing target molecules and a reference buffer solution are thermally 
scanned at a pre-specified rate, and the resulting thermopile voltage is then used to determine 
the differential power (i.e., the difference in the thermal power) between the sample and 
reference channels.  
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The differential power generated (i.e., the difference between the power generated by the 
sample and reference) can be represented as ΔP = Pmol –Psolv, where Pmol and Psolv are the 
thermal power generated in the sample and reference materials (buffer) respectively. Let the 
heat capacities of the sample and reference be Cmol (T) and Csolv (T), respectively. The 




where ΔU is the measured thermopile output voltage, T  is the scanning rate, i.e., the rate at 
which the sample and reference temperatures are varied in time within a range of interest. 
The device responsivity K, or the thermopile output voltage per unit differential power 
between the chambers, is determined via calibration experiments (below). Eq. 1 can be used 
to obtain [83]   
 
(2) 
where νmol (T) and νsolv (T) are the partial specific volumes of the sample and the buffer 
respectively, mmol (T) is the mass of the biomolecule in the sample channel. Integrating the 
sample partial heat capacity over a temperature range of interest allows the determination of 
the total enthalpy change per mole of biomolecules associated with the biomolecular 
interaction: 
              0
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(3) 
3.2.2 Design and Fabrication 
The polymeric MEMS DSC device (Figure 3-1) consists of two serpentine microfluidic 
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sample and reference channels that are identical in shape and dimensions and are surrounded 
by air-gaps to enhance thermal isolation. Polyimide is used as the device substrate because of 
its excellent mechanical properties (Young’s modulus >2 GPa) and thermal stability (glass 
transition temperature >673 K). 200 thin-film Sb–Bi thermopile junctions is situated on the 
polymer substrate, each having their hot and cold junctions located under the sample or 
reference channels, respectively. Sb and Bi are chosen as thermopile material for their high 
thermoelectric transduction performance and ease of fabrication. A thin-film resistive 
temperature sensor, which also functions as a microheater as needed for device 
characterization  
 
Figure 3-1. Schematic of polymer MEMS DSC device: (a) top and (b) isometric. 
purposes, is integrated with each of the sample or reference channels, located on the substrate 




Figure 3-2. Fabrication process of the polymer MEMS DSC device. (a) Reversible bonding of Kapton 
film to carrier wafer. (b) Fabrication and passivation of Sb-Bi thermopile. (c) Fabrication of 
temperature sensor (Cr-Au). (d) Mechanical release of Kapton film from carrier wafer. 
A polyimide film purchased from DuPontTM (Kapton® 50HN,12.5 µm thick) was used 
as the substrate, which was initially bonded to a carrier silicon wafer via reversible adhesion 
provided by a spin coated poly(dimethylsiloxane) (PDMS) layer (20 µm). Sb and Bi (40 µm 
wide, 2 mm long, 0.5 and 1 µm thick, respectively) thin-films were thermally evaporated and 
patterned on the substrate using a lift-off process to form a 200-junction thermopile (Figure 
3-3c), and then passivated with a spin coated polyimide layer (1.5 µm). Subsequently, a 
chromium/gold thin film (5/150 nm) was deposited and patterned to define the on-chip 
temperature sensors and heaters (nominal resistance of 55 Ω), which were passivated with a 
layer of polyimide-PDMS blend (5% PDMS, 79% polyimide and 16% 
N-methyl-2-pyrrolidone (NMP) by weight) approximately 2 µm in thickness. This blend also 
served as a adhesion layer of the PDMS microfluidic structure [84]. The processed Kapton® 
sheet was mechanically released from the carrier silicon wafer using tweezers (Figure 3-3a). 
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In parallel, serpentine microfluidic channels (width: 200 µm, height: 200 µm, and length: 25 
mm; volume:1 µL) were fabricated of PDMS via soft lithography. The Kapton® sheet was 
then bonded to the PDMS sheet following oxygen plasma treatment of the contacting 
surfaces (100 W for 7 s) to complete the fabrication process. The device was finally packaged 
by soldering conducting wires to the contact pads as well as inserting Teflon tubes 
(Tygon®E-3603) into the inlet and outlet of the microfluidic channels. Epoxy (Gorilla® 
Epoxy) was used to secure the solder to the contact pads and the Teflon tubes to the inlet and 
outlet (Figure 3-3b). 
 
Figure 3-3. Device overlook and thermopile junctions’ structure: (a) wafer-level polymer MEMS DSC 
after peeling off from the silicon wafer (b) polymer MEMS DSC device (c)thermopile junctions, white 
scale bar indicates a length of 50 µm. 
3.3 Experimental Methods 
3.3.1 Materials 
 Lysozyme, used as the targeted sample biomolecule, was purchased from Sigma 
Aldrich (lyophilized powder, protein ≥90 %) and dissolved in 0.1-M glycine-HCL buffer (pH 
2.5). The sample solutions and buffer were degassed overnight in a vacuum chamber built 
in-house, metered with Micropipettes, and introduced by a syringe pump (New Era Pump 
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Systems, Inc., NE-1000) before the DSC measurements.  
3.3.2 Experimental Setup and Procedure 
The experimental setup is shown in Figure 3-4a. The packaged polymeric MEMS DSC 
device (Figure 3-4b) was placed in a custom-built thermal enclosure consisting of a metal 
enclosure cap surrounding an aluminum stage on which the device was placed (Figure 3-3b). 
The thermal enclosure offers additional thermal isolation of the DSC devices from ambient, 
and ensuring the sample solutions are kept at a constant temperature during measurements as 
well as minimizing environmental noises. Multiple Peltier devices (Melcor UT15-12-40-F2) 
were located underneath the aluminum stage to impart heat to or remove heat from the device 
while the temperature was scanned (i.e., varied at a constant, prespecified rate) with a 
temperature controller (Lakeshore Model 311). on-chip temperature sensors, calibrated before 
use, were measured by a digital multimeter (Agilent 34410A), and provided in situ 
temperature monitoring of the biomolecular samples. The thermopile voltage was measured 
by a nano-voltmeter (Agilent 34420A). The digital multimeter and nano-voltmeter were 
connected to a computer such that experimental data collection was automated with 
LabVIEW (National Instruments, Austin, TX).  
 
Figure 3-4. (a) Polymer MEMS DSC device test set-up. (b) Image of a packaged device (epoxy was 
used to secure the electrical connection and the tubing). 
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The polymeric MEMS DSC device was calibrated using liquids to determine its 
responsivity, using the procedure described by Cerdeirina et al. [85] The device was first 
placed inside the thermal enclosure and the temperature of the device was scanned with both 
of the calorimetric channels empty (298–343 K). The device was then scanned in the same 
temperature range (298–343 K) with the sample channel filled with water, while the reference 
channel remained empty. Finally, the device was scanned again with glycerol filling the 
sample channel and water filling the reference channel. After calibration, the device was 
thoroughly washed with buffer and deionized water. 
3.4 Results and Discussion 
3.4.1 Heat Transfer Simulation  
We have conducted numerical analysis of heat transfer in the polymeric MEMS DSC 
device to assess the temperature uniformity and verify the responsivity of the device. Using 
COMSOL Multiphysics® (Burlington, MA), the three-dimensional model which includes 
water filled polymeric microstructures, thermopile junctions, Kapton® substrate, passivation 
layers and the polyimide-PDMS blend adhesive layer in between, accounts for the heat 
conduction inside the device and convection from the device’s outer surfaces to the ambient. 
The model assumes steady state transfer at each temperature during the temperature ramping 
process, which occurs at a low rate (5 K/min). 
Natural convection inside the microchannels is neglected in the simulation. Natural 









where H is the height of the channels, α thermal diffusivity, β the coefficient of volumetric 
thermal expansion, ν kinematic viscosity of water, g the gravitational acceleration, and ΔTmax 
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the maximum temperature difference between ambient and device layer of interest. For the 
condition where a constant temperature boundary condition is applied, natural convection can 
be considered negligible if RaH ≤ 1708 [86]. For the geometry and operating conditions 
(ΔTmax up to 70 K) of the device, it is estimated that RaH ~ 1.6E-06. It follows that the 
neglect of the natural convection in the channels is justified.  
 
Figure 3-5. Temperature distribution in the device when the substrate was at a Prescribed uniform 
temperature of 338 k. (estimated heat transfer coefficient: h = 11.57 w/(m2.k). Normal thermal 
conductivity: k = 24.4, 7.97, 0.12, 0.15, and 0.13 w/(m.k), for antimony, bismuth, Kapton, PDMS, 
Polyimide-PDMS blend, respectively). 
The model uses the following boundary conditions. Neglecting the thermal contact 
resistance at the interface of the substrate and the underlying Peltier heater, temperature at the 
back side of the Kapton substrate is taken to be that of the heater surface. The convection 
coefficient h, representing the natural convection from the outer surfaces of the device to the 
ambient, is obtained using a correlation in the Nusselt number, which is defined by Nu = hL/k 
and represents the relative significance of convection to conduction. Here, k is the thermal 
conductivity of the air, L the characteristic length (height of the PDMS). For natural 
convection above a flat isothermal plate, the Nusselt number is given by the correlation 
0.25
air0.59Nu Ra  [87], where Raair is the Rayleigh number for air. Finally, a power generation 
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of 3 mW is applied to the entire sample channel to represent the biological heat generation 
during the experiments. The thermal conductivity, specific heat capacities and mass densities 
of the fluids are temperature dependent and are accounted for in the COMSOL simulations.  
The temperature distribution within the microfluidic channels is shown in Figure 3-5. It 
can be seen that the maximum temperature difference between the sample and reference 
channels is approximately 1.1 K when the substrate temperature was prescribed to 338 K 
(close to Tm of lysozyme), indicating the excellent thermal insulation of the polymeric DSC 
device. Also, to estimate the device responsivity, the average temperature difference across 
the hot and cold thermopile junctions was obtained first from simulation results (0.59 K). 
Given the 3 mW power generation, the thermal resistance was calculated to be 197 K/W. 
Using a constant Seebeck coefficient of 122 µV/K (the thermopile voltage per unit 
temperature difference between its hot and cold junctions), the device responsivity was then 
calculated to be 4.07 mV/mW. The thermal resistance of the device has been found to differ 
by no more than 5 % at different substrate temperatures ranging from 298 to 368 K. 
3.4.2 Device Calibration 
The polymeric DSC device was calibrated to determine its responsivity. The temperature 
of a device with both channels empty was first scanned, in the range of 298-343 K and the 
thermopile voltage was used as a calibration baseline and was subtracted from the subsequent 
calibration scan output to account for errors such as the effect of calorimetric channels 
volume mismatches. Next, the temperature of the device was scanned at 3 K/min with the 
sample channel and reference channel filled with water and air, respectively. Known values 
of material properties (heat capacity, specific volume and molecular weight) of air, water [88, 
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89], and Eq. (1), the device responsivity was determined to be K = 4.78 mV/mW, which is 
consistent with the numerically obtained value of 4.07 mV/mW, with the deviation 
attributable to variations in sensor geometries and material properties that are commonly 
process-dependent. This responsivity is related to the Seebeck coefficient (S) and the thermal 
resistance (R), or the temperature difference between the sample and reference channels 
produced by unit differential power, by K = SR. The Seebeck coefficient of antimony bismuth 
thermopile junctions have been found to be a constant (122 μV/K) in a temperature range of 
298-343 K, and thermal resistance of the device, as shown in our simulation above, does not 
vary significantly with temperature. Thus, the responsivity of the device was approximately 
constant, and the device was considered to operate linearly within this temperature range.   
 
Figure 3-6. Comparison of measured (baseline-subtracted) and calculated differences in heat 
capacity between water and glycerol. 
Finally, the validity of the polymer MEMS DSC device was verified by comparing the 
experimentally determined and calculated difference in heat capacity of water and glycerol. 
The temperature of the device was again scanned in the same temperature range after one 
chamber of the device was filled with glycerol and the other was filled with water. Knowing 
the device responsivity, the difference in heat capacity between the two fluids during the 
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temperature scan can be experimentally determined using Eq. (1). This difference in heat 
capacity as a function of temperature was found to agree with calculation using data reported 
in the literature (Figure 3-6) [15]. This confirmed that the experimentally determined device 
responsivity was valid. 
3.4.3 Measurement Characteristics 
We investigated the device characteristics that are important to DSC measurements, 
including the baseline stability, measurement noise and thermal time response. The baseline 
in the device output, i.e., the thermopile voltage in the absence of a differential power input in 
the temperature range of interest, was measured with both of the calorimetric channels filled 
with buffer solution. To test the stability of this baseline, the sample and reference 
calorimetric channels were both filled with Glycine-HCL buffer (0.1 M, pH 2.5) while the 
temperature of the device was scanned at a constant rate of 5 K/min. After the scan was 
completed, the device was allowed to cool to room temperature and a subsequent experiment 
under identical conditions was performed to test the stability of the baseline. As shown in 
Figure 3-7, there was minimal fluctuation between the two baselines. It is also observed that a 
non-zero slope appeared at elevated temperatures, possibly as a result of the volumetric 
mismatch between the reference and sample channels. Also, it was important to note that 
baseline scan 2 generated much more thermal noise. This could possibly be explained by the 




Figure 3-7. Baseline measurements of glycine-HCL buffer (pH 2.5) (temperature scan rate: 5 K/min). 
Noise in the output from the DSC measurement systems was observed to be on the level 
of 100 nV. Using the device responsivity described above, noise levels in the measurement of 
the differential power between the sample and reference chambers were determined to be 21 
nW.  
 
Figure 3-8. Polymer MEMS DSC time responses to a differential power of 150 µW. 
To characterize the thermal time response of the MEMS DSC device, a differential power 
of 150 µW was initially applied to the center region of the sample channel using a 
microheater. The corresponding thermopile voltage was found to exponentially grow with 
time upon the application of the differential power (Figure 3-8). After the device output 
reached steady state, the differential power was removed and the sample channel was then 
allowed to return to room temperature. Correspondingly, the thermopile voltage decreased to 
the value before the differential power was applied. Assuming that the time dependence of the 
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thermopile voltage can be represented by a first-order exponential function, the time constant 
was determined to be approximately 2.6 s for both the application and removal of the 
differential power. Thus, the device is considered appropriate for characterizing biomolecular 
interactions and reactions with kinetics that are sufficiently slow compared with this thermal 
response time. 
3.4.4 Measurement of Protein Unfolding 
The calibrated polymeric MEMS DSC device was then used to characterize unfolding of 
the protein lysozyme. The sample channel was introduced with lysozyme in 0.1 M 
Glycine-HCL buffer (pH 2.5) while the reference channel remained filled with buffer. The 
characterization of the unfolding of lysozyme was carried out under identical experimental 
conditions used in the baseline determination (Section 4.3) that preceded the DSC 
measurements. The thermopile voltage as a function of temperature, corrected by baseline 
subtraction, was measured at varying concentrations within a temperature range of 298-348 K 
(Figure 3-9). The thermopile voltage exhibited a valley in a narrow temperature range of 
323-333 K at all lysozyme concentrations, which is consistent with the endothermic 
thermodynamic 
 
Figure 3-9. Baseline-subtracted differential voltage as a function of temperature for lysozyme 
unfolding at different concentrations. 







































nature of a protein unfolding process. Furthermore, ΔCp of lysozyme and buffer as a function 
of temperature was calculated from the thermopile voltage by Eq. (1) using the determined 
device responsivity. The partial heat capacity of the sample as a function of temperature was 
determined using Eq. (2) and material properties of lysozyme and Glycine-HCL buffer. The 
partial heat capacity was then used to obtain the thermodynamic properties of lysozyme 
associated with the conformational transition, such as the molar enthalpy change (ΔH) and 
melting temperature (Tm, the temperature at which the enthalpy change achieves 50% of ΔH). 
 
Figure 3-10. Total enthalpy changes per mole of lysozyme during lysozyme unfolding as a function of 
temperature at different lysozyme concentration. 
The molar enthalpy change ΔH and melting temperature Tm were determined using Eq. (3) 
(carried out numerically) for all lysozyme concentrations but 1 mg/mL, which, while showing 
a detectable signal from the protein unfolding, was excluded from the quantitative 
calculations due to the associated low signal-to-noise ratio. As shown in Figure 3-10, ΔH = 
419-423 kJ/mol and Tm = 325-327.7 K were obtained consistently at the different protein 
concentrations. The shape of the enthalpy transition curve of unfolding of lysozyme can be 
well represented by a two-state model [90], This is consistent with knowledge of proteins. 
These results agree with the published data (377–439 kJ/mol for the enthalpy change and 328 
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-331.9 K for the melting temperature), and thus demonstrate the capability of the polymeric 
MEMS DSC device for highly sensitive detection of biomolecular interactions. 
 
3.5 Conclusioin 
 This chapter presents a polymeric MEMS device for differential scanning calorimetry 
(DSC) of biomolecular interactions. The device is based on an inexpensive, commercially 
available polymer substrate, and consists of a pair of calorimetric microchannels integrated 
with resistive temperature sensors and heaters as well as an antimony-bismuth (Sb-Bi) 
thermopile. For DSC measurements, the two channels are filled respectively with a 
biomolecular sample and a reference solution, whose temperatures, measured in situ using the 
integrated temperature sensors, are varied at a constant rate using closed-loop temperature 
control. The difference in the thermal power between the sample and reference induces a 
temperature difference, which is measured using the thermopile for thermodynamic 
characterization of the biomolecules. 
The MEMS DSC device was calibrated using liquids of known heat capacities, allowing 
the determination of its responsivity (4.78 mV/mW), noise in differential power measurement 
(21nW) and thermal time constant (2.6 s). The heat transfer behavior in the device was 
analyzed using finite element simulations, from which the temperature distribution in the 
sample and reference channels to be uniformly within 1.1 K, and the device responsivity was 
calculated (4.07 mV/mW) and found in agreement with that determined from calibration 
experiments. The MEMS device was then applied to the DSC measurement of unfolding of 
lysozyme, used as a representative protein, in a small sample volume (1 L) at practically 
relevant sample concentrations (detectable at 1 mg/mL and quantifiable at 5 mg/mL). The 
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molar enthalpy change of lysozyme and melting temperature in the lysozyme unfolding 
process were thus determined to be in the ranges of 419-423 kJ/mol and 325-327.7, 




















Chapter 4 Isothermal Titration Calorimetry in A Polymeric Microdevice 
In this chapter, the previously developed polymer-based thermoelectric sensor is adopted 
and used for ITC measurements. ITC is an important biophysical characterization technique 
for direct thermodynamic characterization of biomolecular reactions, is currently limited by 
expensive and complicated instrumentation as well as low throughput. Aiming to address this 
limitation, this chapter present a polymer-based microdevice for quantitative ITC 
measurements. This microdevice integrates a microfluidic reactor that features efficient 
passive chaotic mixing as well as thermally isolated, well-defined reaction-reference 
chambers on a robust polymer-based thermoelectric sensing chip. The microdevice allows 
biomolecules to mix thoroughly, react with minimal fluid evaporation, real-time monitoring 
and controlling of the device temperature as well as sensitive differential thermoelectric 
sensing. During operation, sample and reference solutions are introduced to their respective 
measurement chambers and the difference in the thermal power from the reaction is measured 
and used to characterize the complete binding parameters associated with the biomolecular 
interactions. The utility of the ITC microdevice is demonstrated with ITC measurement of a 
model reaction system, in which barium chloride (BaCl2) is titrated into 18-Crown-6 (18-C-6) 
in a 0.85 μL reaction volume. The measurement data were used to calculate the binding 
parameters of the biochemical reaction, which were found to agree with published results.  
4.1 Introduction 
Isothermal titration calorimetry (ITC) measures heat either released or absorbed when a 
ligand solution is titrated or added into a receptor solution of interest under isothermal 
conditions [93]. ITC is known to be the only technique that can simultaneously determine all 
reaction associated binding parameters in a single experiment, and is label-free and 
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solution-based, requiring no molecular labeling or surface immobilization [94]. While widely 
used in basic biochemical studies, as well as practical applications such as drug discovery and 
biotherapeutics development, conventional ITC instruments are limited by high cost, 
complicated design and construction, low throughput, and slow response time.  
Microelectromechanical systems (MEMS) technology can enable the integration of ITC 
measurements on a single chip. However, MEMS devices that offer ITC capabilities do not 
yet allow proper control of reaction conditions for thermodynamic characterization of 
biomolecular reaction systems. In particular, flow-through based MEMS calorimetric devices 
have limited sensitivity due to poor thermal isolation [95]. In addition, devices that use 
droplet-based reactions generally do not allow for well-defined reaction volumes and are 
further complicated by evaporation-induced noise and volume change [96-98]. Hence, such 
devices are not well suited to quantitative measurement of thermodynamic reaction 
parameters.  
To address these issues, our research group previously reported a closed chamber-based 
MEMS ITC device that featured free-standing microfabricated differential calorimetric 
sensors, well-defined reaction volumes, and integrated micromixing capabilities [99]. The 
silicon-based device showed potential for quantitative thermodynamic characterization, 
although several limitations were observed. First, the high thermal conductivity of silicon 
necessitated the use of complex, and fragile freestanding structures [100] to enhance device 
thermal isolation. This reduced yield, caused significant reliability issues during the device’s 
ITC operation and maintenance (e.g., cleaning) and made the device rather expensive to use. 
Second, the device also neglected the residue fluid flow effects and used a relatively high 
Reynolds number flow (~23) in the mixing channel. This resulted in significant noise that led 
to a relatively high limit of detection (650 nW). Hence, ITC measurements required a 
relatively high receptor concentration (5 mM for 18-C-6), which was not yet adequate for 
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practical applications.  
In this chapter, we aim to address the limitations of existing MEMS ITC devices with 
polymeric MEMS-based quantitative measurements. The polymer-based ITC device design 
eliminates the use of silicon, and exploits the low thermal conductivity of the polymer substrate 
to achieve thermal isolation of reaction samples in the absence of any complex or fragile 
freestanding structures. The use of inexpensive polymers and the elimination of the 
freestanding structures simplify the fabrication process, increase the fabrication yield, reduce 
the device cost, and improve the device reliability. In addition, the closed volume-based 
MEMS ITC approach, as initially demonstrated by the silicon-based device without further 
analysis, was systematically characterized in the present work to identify factors such as 
volume mismatch, reaction volume information, evaporation of reactants, and thermal activity 
in the mixing and transport of reactants before they enter the calorimetric chamber that 
influence the sensitivity and accuracy of ITC measurements. These insights are used to 
generate a polymer-based MEMS ITC design for more sensitive and reliable ITC 
measurements. The potential utility of the device is demonstrated with quantitative ITC 
measurements of a model reaction system in which the ligand BaCl2 is titrated into the receptor 
18-C-6 at a concentration of 2 mM. 
4.2 Principle and Design   
In an ITC experiment for the characterization of a ligand-receptor system, the ligand with 
known concentration and volume is titrated or added into a known concentration of a receptor 
solution. From measurements during the titrations, the reaction heat is obtained as a function 
of the ligand concentration.  For example, consider a biochemical binding system in which a 
receptor (M) and a ligand (X) bind in equilibrium and form the complex Mα Xβ: 
𝑎𝑀 + 𝛽𝑋 ⟺ 𝑀𝛼𝑋𝛽 (1) 
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where α, β are the stoichiometric coefficients of the receptor and of the ligand, respectively. 
The binding parameters of the system, which include the molar enthalpy change of binding 
(ΔH), the reaction stoichiometry (N = β/α), as well as the reaction binding constant Kb can 
thus be determined using the following binding equation, in which biological reaction heat Q 
is be expressed as [101]: 
 
and is a function of the ligand-receptor concentration ratio for each titration (𝑟). In the 
equation, Mt is the total concentration of the receptor (both free and bound) in the reaction 
volume V0, and Xt is the total concentration of the titrated ligand. The values of N, Kb, and ΔH 
are then determined by fitting to Eq. (2) using non-linear least-squares analysis [102].  
In our approach to ITC measurements, the reaction heat is determined using a differential 
scheme, where the reaction and reference chambers are used for measuring heat in the 
presence (ligand-receptor system) and absence of the receptor (ligand-buffer system), 
respectively. Before entering their respective chamber, a series of liquid segments of different 
concentration of ligand in a constant volume at a controlled temperature are allowed to react 
with the same volume of the receptor and a pure buffer, respectively. The differential power 
generated (i.e., the thermal power difference between the reaction and reference chambers), 
can be represented as s rP P P   , where Ps and Pr are the thermal power in the reaction and 
reference chambers, respectively. This differential power can be determined by: 
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where ΔU is the output of the thermopile and S is the device’s responsivity, i.e., the output 
electrical voltage generated by unit differential thermal power [82]. The total heat released or 
absorbed Qtotal in the calorimetric cell on each injection of reagent is determined by 
integrating the differential power generated over time. The biochemical reaction heat Q is 
then obtained by subtracting the non-specific heating contributions obtained from the 
negative control experiment.  
 
Figure 4-1. The exposed view of the polymeric ITC microdevice. To clearly show the Sb-Bi thermopile, 
only 5 presentative Sb-Bi thermopile junctions are included in the figure. 
Our ITC microdevice (Figure 4-1) consists of two microfluidic chambers that are made 
from polydimethylsiloxane (PDMS). The chambers contain the binding system and a 
reference system, respectively. Each of the microchambers is situated on a polymeric 
substrate and surrounded by air cavities embedded in the sidewalls for effective thermal 
isolation. The serpentine flow channels connected to the chambers are each integrated with a 
passive chaotic micro-mixer that uses herringbone-shaped ridges in the ceiling of the 
channels to generate a chaotic flow pattern that induces mixing of the incoming liquid 
streams [103]. The length of the flow channels is designed to achieve thorough mixing as 
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well as to control the reaction time before entering the chamber. An antimony (Sb)-bismuth 
(Bi) thermopile (60 junctions) is integrated with its hot and cold junctions located beneath the 
chamber centers. Thin-film resistive micro-temperature sensors and micro-heaters which are 
used for in-situ monitoring of the chamber temperature, as well as for on-chip device 
calibration, are integrated, on the substrate beneath the chambers’ center. 
The microdevice consisted of a polymeric thermal substrate and a microfluidic titration 
platform. Both components were fabricated individually and bonded together via oxygen 
plasma at last. The fabrication of the thermal substrate started with reversible bonding of a 
purchased Kapton film (Kapton®50HN, 12.5 μm thick) to a silicon carrier wafer. Sb and Bi 
(0.7 and 1.5 μm) as well as chromium/god (7/200 nm) were successfully deposited and 
patterned successfully, and passivated by a thin polyimide layer (2 µm) to define the 
thermopile as well as the on-chip temperature heater and sensor. At the same time, the PDMS 
reagent-handling microfluidic platform was fabricated using soft lithography. It was then 
bonded to the mechanically released thermal substrate via a layer of polyimide-PDMS 
mixture. 
For microdevice fabrication LOR resists and SU-8 (2000, 2025, and 2075 series) negative 
photoresist was purchased from Microchem Corp. (Westborough, MA). Polydimethylsiloxane 
(PDMS) was obtained from Robert McKeown Company (Somerville, NJ). Polyimide 
(PI-2610 and PI-2611series) was purchased from HD Microsystem (Parlin, NJ). Antimony 
and bismuth (99.999% in purity) were purchased from Kurt J. Lesker Company (Pittsburgh, 
PA), and silicon wafers were purchased from Silicon Quest International, Inc. (San Jose, CA). 
For testing the ITC microdevice, 18-Crown-6 (18-C-6, molecular weight: 264.32 Da,≥ 99.0% 
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in purity) and barium chloride (BaCl2, molecular weight: 208.23 Da, ≥ 99.999% in purity) 
were purchased from Sigma (St. Louis, MO), and were diluted with cell culture grade 
distilled water (Thermo Fisher Scientific, Grand Island, NY) to obtain desired concentrations 
of 18-C-6 (2 mM) and BaCl2 (0.5 – 10 mM).  
4.3 Experimental Procedure 
To perform the ITC experiments using our approach buffer and ligand solutions are first 
introduced into both the reaction and reference chambers, and the resulted differential voltage 
measured by the thermopile junctions is recorded and used as a baseline, which also serves as 
a control for the overall ITC measurements. Next, during the ITC measurement of 
ligand-receptor binding, a known concentration of receptor and different concentrations of 
ligand, which are typically in pure form and dissolved in well-conditioned buffer, are mixed 
in the micromixer, and then enter the sample chamber. Simultaneously, the same 
concentrations of ligand and the buffer are also introduced, becoming mixed before entering 
the reference chamber. The differential thermal power between the chambers is determined 
from heat induced differential voltage measured by the Sb-Bi and is used to compute the 




Figure 4-2. Device testing setup (a) thermal enclosure and its connection to measurement 
instrumentations; (b) microfluidic titration operating principle. 
Finally, the titration enabling fluidic delivery was achieved by the following steps. First, 
air-separated segments of the same concentration of receptor, and different concentrations 
ligand solutions were each preloaded using a syringe pump into a Teflon access tubing. 
Titration of the ligand into the receptor (Figure 4-2a, b) was achieved via merging the 
solutions segments in the micromixer and then delivered into the reaction chamber. The 
ligand-receptor molar ratio was varied from merging different solutions segments that contain 
corresponding ligand and receptor concentrations. Similarly, two other identical access 
tubings were loaded with segments of ligand and buffer solutions, respectively, and were 
delivered into the reference chamber. Numerical simulations by COMSOL Multiphysics® 
were used to verify the result of mixing. All access tubings (4 in total) were synchronized by 
a multiple-injections syringe pump (KD Scientific, KDS 220). Pure buffer solution and sterile 




Figure 4-3. (a) The fabricated polymeric ITC microdevice; (b) Sb-Bi thermopile junctions. 
4.4 Results and Discussion 
The closed chamber-based MEMS ITC approach was systematically characterized in the 
present work to identify factors such as volume mismatch, reaction volume information, 
evaporation of reactants, and thermal activity in the mixing and transport of reactants before 
they enter the calorimetric chamber that influence the sensitivity and accuracy of ITC 
measurements. First, volume difference between the reaction and reference chambers were 
experimentally determined, and its effect on the steady state response of the microdevice due 
to an input thermal power was characterized using numerical simulation. Next, the reaction 
volume information，the efficiency of the passive chaotic mixers, and the residence time of 
the reactants in the mixer and connecting channel were also investigated numerically. In 
addition, the microdevice characteristics including the device responsivity, thermal time 
response and the device baseline noise, were characterized experimentally. Finally, the fully 
characterized microdevice (Figure 4-3a, b) was then used in quantitative ITC measurements 
of BaCl2 reacting with 18-C-6. The ITC microdevice used in the following experiments and 
simulation model had a 60-junction Sb-Bi thermopile and a reaction and reference chamber 
with the same radius of 1286 µm and a height of 164, 155 µm, respectively. The center of the 
chambers was separated by 4.5 mm. The herringbone-shaped ridges integrated micromixers 
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(width: 200 µm, total length: 15 mm) led the introduced solutions to the measurement 
chambers while the solutions became well-mixed along the way. The herringbone-shaped 
ridges were placed on the ceiling of the microchannel, and each of them had a width of 40 
µm, a height of 50 µm, a 30 µm separation 
4.4.1 Effects of Volume Mismatch 
The first potential factor that may affect the sensitivity and accuracy of the microdevice is 
the volume mismatch between the reaction and reference chambers. To characterize this 
mismatch, the volume of the SU-8 mold, which was used in soft-lithography to produce the 
reaction and reference microstructures, was determined to have an average radius of 1287, 
1286 µm, and an average chamber thickness of 163, 157 µm with a standard deviation of 
5.35, 5.57 µm, respectively.  The relatively large thickness standard deviation was expected 
due to the spinning of highly viscous SU-8 2150 solution, which after baking, was thicker 
close to the edge of the wafer. Thus, an average of 5.6% volume difference was obtained for 
reaction and reference chambers.  
Using COMSOL Multiphysics, we simulated two cases of the temperature distribution of 
the microdevice to characterize the effects of the volumetric difference between the 
calorimetric chambers. The simulation was performed in the absence of liquid flow, as the 
calorimetric measurements were performed after the liquid flow had been stopped. Also, any 
residual effect of the liquid flow was addressed by subtracting the baseline (Figure 4-9) from 
the titration calorimetric measurement data. The first case considered a three-dimensional 
model of the ITC microdevice that includeded water filled PDMS reaction and reference 
microstructures, thermopile junctions, Kapton substrate, passivation layers and the 
60 
 
polyimide-PDMS blend adhesive layer in between. The model accounts for the heat 
conduction inside the device and convection from the device’s outer surfaces to the ambient. 
The thickness of the reference microfluidic structures was intentionally reduced by 5.6% to 
account for the volume difference due to fabrication tolerances. In addition, because the 
binding reagents were homogenous, a thermal power of 1.63 µW (obtained based on 
empirical 18-C-6 and BaCl2 reaction data) was applied uniformly in the reaction chamber to 
represent typical 18-C-6 and BaCl2 reaction heat generation. From the simulation, an average 
thermopile differential temperature of 6.38 ×10-4 K (Figure 4-4a) was obtained. Next, the 
second case considered the same microdevice model, however, in this case, the reaction and 
reference microstructures had identical dimensions. When the same power was applied to the 
reaction chamber, an average thermopile differential temperature of 6.31×10-4 K was 
obtained (Figure 4-4b) between the reaction and reference measurement chambers. Thus, the 
differential temperature from these two models differed by 1.1%, which was considered 
insignificant so that the effect of volumetric difference on the steady state device response 
was negligible. 
  
Figure 4-4. Microdevice temperature distribution when a unit power density is applied to the reaction 
chamber: (a) model with a 5.6 % reaction/reference microfluidic structures volume difference; (b) 
model with no volume difference. 
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4.4.2 Determination of the Reaction Volume Information 
Another potential source of error in determining the reaction binding parameters was the 
inaccurate reaction volume information. During ITC measurements, besides the reaction 
chamber, binding reaction would also have occurred in other microfluidic structures such as 
the mixing channels, and channel leading into the outlet, contributing to the total heat 
generation. We used simulation to assess the appropriateness of the reaction chamber volume 
to be used as the reaction volume in the computation of thermodynamic properties. In the 
simulation, we first computed the differential temperature when a uniform thermal power was 
applied to the reaction chamber alone (Figure 4-5a). Then, a uniform thermal power of the 
same density was applied to the reaction chamber and its associated microfluidic components 
including the micromixer and the connection channels) to conservative estimate the effects of 
different choices of the reaction volume (Figure 4-5b). The differential temperature in these 
two cases differed only by 7%. Thus, it was determined that it was acceptable to use the 
reaction chamber volume to compute the thermodynamic properties of the reaction system. 
 
Figure 4-5. The differential temperature between the reaction and reference chambers. (a) A uniform 
thermal power was applied to the reaction chamber; (b) the uniform thermal power of the same 




4.4.3 Characterization of Reagents mixing  
 
Next, to further understand the behavior of the reagents streams passing through the 
micromixer, and demonstrate the reagents had become fully mixed before entering their 
perspective measurement chambers, this section presented a numeric simulation of a chaotic 
micromixer embedded in a serpentine channel that considered the interactions of the fluid 
flow and the passive chaotic micromixer. The results would yield insight into the design of 
microchannel dimensions, especially the length of the flow channel. In this model, the flow 
channels are filled with water, which is treated as an incompressible Newtonian Fluid. 
Navier-Stokes equation, and the convective-diffusion equation is couple with the flow field to 
simulate the transport of diluted species. The simulation of the flow channel with and without 
the chaotic mixer is carried out in the same condition. At the inlet, half of the inlet 
cross-sectional area is given the solute concentration of 0 mol/m3; the other half is given the 
solute concentration of 1 mol/m3, and the flow rate at the inlet is set to be 50 µL/min for the 
fluid stream. The density, dynamic viscosity of water is set to be 997 kg/m3, 100 cP, 
respectively, and the diffusion coefficient of the solute is set to be 1.0 × 10-11 m2/s. 
Additionally, the mixing efficiency at the outlet of the passive-chaotic mixer incorporated 
channel was determined and compared with the mixing efficiency of a bare PDMS channel. 
As a result, the distribution of the solute concentration in the channel was shown in Figure 
4-6a, b. For the mixer-embedded channel, as the fluid stream flowing through the channel, 
the solute concentration gradient prescribed by the initial condition gradually decreases, 
which was evident by the disappearance of the concentration interface at the end of the 
channel. On the contrary, for the same channel length, a still rather large concentration 
gradient existed at the outlet of the bare PDMS channel. The solute concentration distribution 
at the outlet of both channels (Figure 4-6c, d) was used to quantify the mixing uniformity. 
Calculating using the standard definition [104], a mixing uniformity of 92% and 73% is 
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obtained for the flow channels of 15 mm in length with and without the chaotic mixer, 
respectively.  In addition, the mixing time was defined as the time required for the reagents 
to achieve a 90% mixing efficiency, therefore, using a combined flowrate of 50 µL/min, it 
would take 570 ms for reagents to travel from the beginning to the end of the micromixer. 
The device was then considered suitable to characterize the thermodynamic binding 
parameters of a reaction that have a time scale sufficiently slower than the mixing time to 
avoid heat loss in the micromixer.  
 
 
Figure 4-6. The mixing effectiveness of (a) a chaotic mixer integrated channel vs. (b) a straight 
channel; (c) solute concentration gradient at the outlet of the chaotic mixer integrated channel; (d) 
solute concentration gradient at the outlet of the straight channel. The simulations presented here 
were performed in a separate serpentine mixing channels as the mixing was not affected by the rest of 
the microdevice.   
 
4.4.4 ITC Microdevice Characterization  
 We next investigated a set of device characteristics that are important to quantitative 
ITC measurements, including the reagent loss rate through permeation, device responsivity, 
thermal time response, and stability of the baseline. First, as we employed a closed-chamber 
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design (compared to the open-volume design of the droplet-based calorimeters), any 
evaporative reagent loss would occur only through the PDMS walls. Using available 
empirical data on water permeation through PDMS [105], the reagent loss rate was estimated 
to be approximately 2% of the reagent volume per hour [106]. Since the entire ITC 
experiment was completed within 30 min, the reagent loss in our ITC microdevice was 
negligibly small. Next, the responsivity S of each microdevice was calculated by a device 
steady-state calibration experiment. Driving by the DC voltage source, the on-chip 
microheater was used to generate a known, constant differential thermal power in one of the 
two chambers, and the differential voltage measured from the thermopile output was recorded. 
The device responsivity was then determined by Eq. (3). This same device responsivity was 
later used in ITC experiments to convert reaction heat induced differential voltage to the 
differential power. At 298 K, the steady-state response of the ITC device was found to 
depend on the differential power in a highly linear manner, yielding an approximately 
constant responsivity of S = 3.7 mV/mW (Figure 4-7) which was sufficient for measuring the 
heat evolved in our model reaction. We also characterized the device’s responsivity at 
controlled ambient temperatures provided by the thermal enclosure from 20 to 45 °C and 
found that it remained constant with a relative standard deviation of less than 3%. Therefore, 




Figure 4-7. Steady state response of the polymer ITC microdevice. 
Next, we employed the method that was first described by Mayorga et al [107] to 
characterize the thermal time response of the ITC microdevice. Specifically, the on-chip 
heater was used to generate a rectangular electrical calibration pulse (2 mW) to the reaction 
chamber. The corresponding thermopile voltage was observed to exponentially grow with 
time upon the application of the differential power. After the device output reached steady 
state, the differential power was removed and the sample chamber was then allowed to return 
to room temperature. Correspondingly, the thermopile voltage decreased to the value before 
the differential power was applied. The decay portion of the instrument response was then 
fitted to a multiple exponential decay function to determine the time response. However, for 
our microcalorimeter, the time response could be satisfactorily described by a single 
exponential function. A device time response of 2.6 s was then determined (Figure 4-8). It 
was considered appropriate for characterizing biomolecular reaction systems with kinetics 




Figure 4-8. Thermodynamic time response of the polymer ITC microdevice. 
Finally, the overall baseline of the measurement that also served as the negative control of 
the ITC experiment was measured by introducing sterile water and 0.4-5 mM BaCl2 to both 
the reaction chamber and reference chamber simultaneously. To test the stability of this 
baseline, 5 sequential injections of the reagents were administered, each with a 2-minute 
interval, and at a combined rate of 50 µL/min. All 5 measurements showed a flow residual 
non-reaction-specific peaks that were subtracted from the analysis. The baseline noise (~200 
nW) also represented the detection limit of our ITC microdevice, which was considered 
typically adequate for measuring the thermal power generated in biomolecular reaction 
systems. To compare the baseline noise with the reaction heat induced differential thermal 
power, 0.8 mM BaCl2 and 2 mM 18-C-6 (each 0.4 µL)was mixed and introduced at the rate 
of 50 µL/min to the reaction chamber while the reference chamber was introduced with 0.8 
mM BaCl2 and water. Contrary to the baseline, the ITC microdevice exhibited a 
reaction-specific spike attributable to the exothermic nature of the binding between 18-C-6 





Figure 4-9. Repeatable device output upon introduction of 2 mM 18-C-6 and 2 mM BaCl2 compared 
with water baseline (baseline is intentionally shifted down). 
As a result, a repeatable signal-to-noise ratio of ~5 (appropriate for titration 
measurements) was observed. Furthermore, it was important to note that the effects of 
thermal activity in the mixer and the connecting channel from the mixer to the calorimetric 
measurement chamber (Figure 4-1) were determined by the residence time of the reactants in 
the mixer and connecting channel (referred to as the mixing and transport time) as compared 
to the reaction time, i.e., the scale due to reaction kinetics. In our measurements, the mixing 
and transport time (0.57 sec, estimated based on the combined ligand and receptor carrier 
flow rate) was short compared to the reaction time (~10 sec, estimated based on consideration 
of reaction kinetics [108]) for the system of 18-C-6 and BaCl2. Hence, reaction and the 
associated thermal activity in the mixer and connecting channel can be neglected, and the 
thermal power measured by the thermopile can be accurately considered to be originated 
from the reaction of fully mixed reactants in the calorimetric chamber. For other reaction 
systems with reaction times dominated by the mixing and transport time, the thermal power 
due to reaction in the mixer and connecting channel cannot be neglected. Fortunately, as this 





















measurements in the calorimetric chamber can still achieve adequate accuracy. For a 
conservative estimate, we considered the transport of a thermal power uniformly distributed 
in the channel. Based on convective heat transfer simulation in the mixer and connecting 
channel using the same flow rate (total of 50 μL/min), it was estimated that approximately 10% 
of this thermal power would be lost through the walls of the mixer and connecting channel 
before entering the calorimetric chamber. Thus, the measurement error can still be considered 
adequately small. More accurate measurements can be achieved by an improved microfluidic 
design. In particular, the reactants can be mixed and then allow to react in the same location 
(i.e., by merging the mixer and the calorimetric chamber) to eliminate the unmeasured 
reaction thermal power, and such a design is being investigated in our ongoing work. 
4.4.5 ITC Measurements  
The fully characterized microdevice was then used to perform ITC measurements of the 
titrated reaction of BaCl2 with 18-C-6 to demonstrate its potential for thermodynamic 
characterization of the biomolecular reaction systems. At the controlled temperature of 298 K, 
titration reaction used a fixed receptor concentration of 18-C-6 (2 mM) and a series of 
different ligand concentrations of BaCl2 (in the range of 0.45 mM), allowing the molar ratio 
of BaCl2 to 18-C-6 to be varied from 0.2 to 2.5. Measurement of reaction at each molar ratio 
occurred in a duration of approximately 4 min (2 min test duration, with 2-minute injection 
interval) with the entire ITC measurement completed within approximately 28 min. The 
baseline-subtracted device output (Figure 4-10) exhibited spikes consistent with the titration 
reactions. Each spike in the device output corresponded to each titration, with a magnitude 
increasing consistently with titration number. However, no device output increase was 
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observed between the molar ratio of 2 and 2.5, indicating excessive ligand (BaCl2) 
concentration at a molar ratio of 2.5 and the reaction was most likely saturated at a molar 
ratio of 2. This was expected for the reaction system.  
 
Figure 4-10. Device output of the binding of 2 mM 18-C-6 and BaCl2 at different molar ratios 
(indicated above each peak) at 298 K. 
The Eq. (3) was then used to calculate the differential thermal power that was induced by 
the titration reaction. The reaction heat at each molar ratio was then determined by 
integrating the thermal power over the entire period of reaction. A thermodynamic binding 
isotherm (Figure 4-11) was obtained by plotting the reaction heat as a function of the molar 
ratio [109]. It could be seen that the reaction heat increased monotonically with the molar 
ratio until approaching saturation (molar ratio of 2) reflecting that the most binding sites of 
18-C-6 were occupied with the addition of BaCl2 until the binding sites were no longer 



















Figure 4-11. Calculated the biochemical heat of 18-C-6 reacting with BaCl2 at different molar ratios, 
and fitted curve to one binding-site model. Error bars representing the standard deviation calculated 
from at least three repeated measurements at each molar ratio. 
The binding parameters of the reaction system was then determined from the least-square 
best-fit curve to the binding isotherm. The stoichiometry N, the equilibrium binding constant 
Kb, and the molar enthalpy change ΔH was determined to be 1.01, 5.5×10
3 M-1, and 32.0 
kJ/mol at 298 K, respectively. These properties corresponded to the one to one binding of 
18-C-6 and BaCl2, and were within 5% difference with published data using conventional 
instruments [110]. 
4.5 Conclusions  
This chapter has described a polymeric MEMS-based quantitative measurements 
approach for the thermodynamic characterization of biomolecular reaction systems. The 
polymer-based ITC device design eliminates the use of silicon, and exploits the low thermal 
conductivity of the polymer substrate to achieve thermal isolation of reaction samples in the 
absence of any complex or fragile freestanding structures. The low-cost availability of 
polymers and the elimination of the freestanding structures simplify the fabrication process, 
increase the fabrication yield, reduce the device cost, and improve the device reliability. The 
ITC microdevice consists of a pair of PDMS microfluidic structures for reactants and 
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reference solutions to be introduced at a series of molar ratios mixed in a passive chaotic 
mixer, and fed into the calorimetric measurement chambers at controlled time duration. As 
the reaction occurs, the resulting differential thermal power between the reaction and 
reference chambers is measured using a thin-film Sb-Bi thermopile that is embedded in the 
chamber-supporting polymeric substrate.  
The closed volume-based MEMS ITC approach was first systematically characterized 
in the present work to identify factors such as volume mismatch, reaction volume information, 
evaporation of reactants, and thermal activity in the mixing and transport of reactants before 
they entered the calorimetric chamber that influenced the sensitivity and accuracy of ITC 
measurements. The potential utility of the device was demonstrated with quantitative ITC 
measurements of a model reaction system in which the ligand BaCl2 is titrated into the 
receptor 18-C-6 at a reduced concentration of 2 mM. At the controlled temperature of 298 K, 
the thermodynamic binding parameters of the reaction systems including the stoichiometry, 
equilibrium binding constant, and enthalpy change, were obtained and found to agree with 
published data obtained using commercially available ITC instruments. These results 





















































Chapter 5 A Sensitive Polymeric MEMS Device Using 3D Chaotic 
Mixing-titration for Isothermal Titration Calorimetry 
In the previous chapter, the polymer based MEMS thermoelectric sensor was integrated 
with microfluidics for sensitive ITC measurements, however, the sensitivity of the device was 
limited so that the device was forced to use samples with relatively large concentrations, and 
thus not yet suitable for practical applications. To address this issue, this chapter presents an 
alternative microfluidic-based design approach that was guided by the insights of device 
characterization results in Chapter 4. Featuring integrated 3D diffusive titration, the new 
device, based on a robust, inexpensive polyimide substrate, incorporates a 450 nL 3D 
splitting-and-recombination (SAR) passive mixer as the reaction cell, and an 
antimony-bismuth thermopile for sensitive thermoelectric detection of heat evolved from 
biomolecular reactions inside the cell. Proof of principle has been obtained by the 
measurement of 18-Crown-6 (18-C-6, 0.5 mM) reacting with barium chloride (BaCl2, 0.1~1.6 
mM) in the microfluidic reaction cell, with a roughly 40 times material consumption 
reduction than the device presented in chapter 4 and a response time of approximate 800 ms, 
which are much better suited for studying chemical reactions with fast kinetics. The detection 
limit was demonstrated to a practically useful level of 25 nW. The calculated thermodynamic 
binding parameters of the binding system was found to agree with published results. 
5.1 Introduction 
As introduced in chapter 4, ITC measures biochemical reaction heat rate as a function of 
reactant concentrations when a ligand solution is titrated into its target receptor solution 
under isothermal conditions, thereby allowing direct determination of reaction binding 
parameters for affinity analysis such as the reaction association constant (Ka), enthalpy 
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change (ΔH), and binding stoichiometry (N) of biochemical reaction systems [112-114]. ITC 
is well known as the only technique that can simultaneously determine all reactions that are 
associated with binding parameters in a single experiment. It is label-free and solution-based, 
which requires no molecular labeling or surface immobilization [115] [116]. Nevertheless, 
conventional ITC instruments are limited by complicated designs, rather large sample 
consumption, low throughput as well as relatively slow instrument responses (8-20 s) as a 
result of their large heat capacity. The slow instrument response time means a significant 
delay in measuring a sudden heat rate signal, which results in a flat initial rise of the 
calorimeter response curve, a large elongation during the exponential decay portion, and a 
shift in the calorimeter baseline. This “dilution” of the curve can bring about an error in the 
data analysis to affect accuracy in determining reaction binding parameters. 
Miniaturized calorimetric devices which are based on the MEMS technology can 
potentially deal with these issues. However, MEMS devices offering ITC capabilities do not 
allow suitable control of reaction conditions for thermodynamic characterization of 
biomolecular reactions systems. Previous devices that used droplet-based reactions also do 
not allow for well-defined reaction volumes in general and are affected by 
evaporation-induced noise. Consequently, such devices are not well suited to quantitative 
measurement of thermodynamic reaction parameters. In addressing these issues, we 
previously advanced silicon and a polymer based closed volume-based approach for 
quantitative ITC measurements, featuring micro-fabricated differential calorimetric sensors 
with micro-fluidic chaotic passive mixing and titration [117]. Nonetheless, these approaches 
utilized an unfavorable design strategy of having dedicated micro-mixers and thermopile 
incorporated calorimetric measurement cells. ITC micro-devices made through this design 
approach were not only vulnerable to heat loss during mixing, which would significantly 
impair the thermal measurement accuracy, but also needed the utilization of a 
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high-Reynolds-number flow to accomplish a respectable mixing time. Nonetheless, due to 
device fabrication limitations, the resulted flow-induced measurement noise lead directly to a 
relatively high limit of detection (250 nW), which was not yet sufficient for practical 
applications.  
This chapter purposes to concentrate on the limitations of existing MEMS ITC devices 
with a polymeric MEMS-based 3D chaotic mixing-titration measurement design approach. 
The design incorporates a bismuth-antimony (Bi-Sb) thermopile with 3D chaotic 
mixing-titration channels, hence combining the functionalities of micro-mixing, titration, and 
thermoelectric transducing. By integrating the thermopile with the titration channels, the 
reaction heat during mixing is now considered, thereby eliminating heat loss in the mixing 
process. This significantly enhances accuracy of thermal measurement and allows the use of a 
low-Reynolds-number flow (Re ~ 2) during titration experiments to bring down the flow 
induced measurement noise, which extremely advances the device’s limit-of-detection. 
Additionally, the integration enables ITC measurements in a well-defined small reaction 
volume (450 nL) that effectually minimizes the sample heat capacity and causes 
measurement response time of 700 ms, thus making the technique well-suited for studying 
reactions with fast kinetics. This approach is then executed in a polymeric MEMS-based 
microdevice that eliminates the utilization of silicon, and manipulates the low thermal 
conductivity of the polymer substrate to accomplish thermal isolation of reaction samples in 
the nonattendance of any complex or fragile freestanding structures, thus making the 
fabrication process simpler, increasing the fabrication yield, reducing the device cost, and 
enhancing the device’s operational reliability. The micro-device’s utility is illustrated through 
quantitative ITC measurements of 18-Crown-6 (18-C-6 0.5 mM) reacting with barium 
chloride (BaCl2 0.1~1.6 mM) at a practically useful device limit-of-detection level of 25 nW. 
Compared with our formerly reported devices [117], the 3D chaotic mixing-titration design 
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approach enhances the limit-of-detection by a factor of 10, and minimizes the receptor sample 
consumption by a factor of 40. The thermodynamic parameters of the reaction system are 
determined from the ITC measurements and found to agree with the published data, 
illustrating the efficiency of the design approach.  
5.2 Experimental 
Again, as mentioned in chapter 4, In an ITC experiment for the thermodynamic 
characterization of a ligand-receptor reaction system, the ligand with known concentration 
and volume is titrated or added into a receptor. Thus, the reaction heat is obtained as a 
function of the ligand-receptor molar ratios.  For example, considering a biochemical 
reaction system in which a receptor (M) and a ligand (X) bind in equilibrium and form the 
complex Mα Xβ: 
𝑎𝑀 + 𝛽𝑋 ⟺ 𝑀𝛼𝑋𝛽 (1) 
where α, β are the stoichiometric coefficients of the receptor and the ligand, respectively. The 
binding parameters of the system, which include the molar enthalpy change of binding (ΔH), 
the reaction stoichiometry (n = β / α), and the reaction association constant Ka can thus be 




Figure 5-1. Polymer MEMS ITC device: (a) size and top view of the device; (b) Sb-Bi thermopile 
junctions aligned with the center of the mixer channel; (c) 3-D schematic exploded view; (d) the 
fabrication process for the designed device: ① top layer of the 3D SAR micromixer; ② bottom layer 
with through hole channel of the 3D SAR micromixer; ③ channel alignment and bonding; ④ 
Bonding of polyimide to a carrier wafer; ⑤ Sb-Bi thermopile lift-off; ⑥ mechanical release; ⑦ 
device bonding and packaging. 
 
The ITC micro-device (shown in Figure 5-1a) has a matching pair of titration channels, 
based on a 3D splitting-and-recombination (SAR) design, and respectively serves as the 
measurement cells for the reaction (that is, receptor and ligand) as well as reference solutions. 
Each of the titration channels is located on a polymeric substrate which is also integrated with 
an antimony-bismuth (Sb-Bi) thermopile (46 junctions). The hot and cold junctions of the 
thermopile are aligned under the center of the prospect titration channels (as illustrated in 
Figure 5-1b, c). The comprehensive fabrication process was described elsewhere [118]. 
Briefly (as displayed in Figure 5-1d), a polyimide film (Kapton® 50HN, DuPont) was first 
reversibly attached to a silicon carrier wafer, chromium and gold contact pads, and Sb-Bi 

















Kapton substrate sequentially [119]. Next, a layer of polyimide-PDMS blend was spin-coated 
onto the substrate to act as a passivation and bonding layer for the micro-fluidic structures. In 
parallel, soft lithography was utilized in molding two layers of micro-fluidic structures [120]. 
The bonding of micro-fluidic structures (step ③in Figure 5-1d) and the integration of the 
ITC micro-device (step ⑦ in Figure 5-1d) were facilitated by the plasma-activated bonding 
process (RIE 800 SOP, Technics. Power: 50 mW, pressure: 250 mTorr, time: 3 s). 
In our approach to ITC measurements, the reaction heat was determined by use of a 
differential scheme, where two measurement cells are utilized to measure heat in the presence 
(ligand-receptor system) and absence of the receptor (ligand-buffer system), respectively. In 
the ligand-buffer system, buffer and ligand solutions are introduced into both the reaction as 
well as the reference measurement cells. The differential voltage signal output, which is 
stimulated by the non-specific heating contributions like enthalpy of mixing, is then used as 
the baseline as well as the negative control for the overall ITC measurements.  
In the subsequent ligand-receptor system, a known concentration of receptor and different 
concentrations of ligand, which are typically in pure form and dissolved in well-conditioned 
buffer, are mixed and delivered to the reaction cell. At the same time, the same 
concentrations of ligand and the buffer are also introduced, then fully mixed and delivered to 
the reference cell. After subtracting the baseline, the ligand-receptor binding induced 
differential voltage signal output ΔU is then transformed to a differential power ΔP, by the 
expression ΔP = ΔU/S, where S is the device’s responsivity, that is, the output electrical 
voltage generated by unit differential thermal power. The total heat evolved Q in binding 
process can then be determined through integrating this differential power in the due course.  
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The ITC micro-device is placed in a custom-built thermal enclosure (as illustrated in 
Figure 2) during measurements. The thermal enclosure includes a metal enclosure cap 
surrounding a stainless-steel stage. A peltier heater (Marlow Industries, XLT2418) is located 
underneath the stage, and then attached to a temperature controller (Lakeshore Model 331) so 
as to modulate the temperature of the micro-device. The thermal enclosure also provides 
extra thermal isolation of the micro-devices from ambient, and ensures that the sample 
solutions are kept at isothermal conditions during measurements as well as minimizing 
environmental noises. The thermoelectric measurements were performed by reading the 
thermopile differential voltage output using a nanovoltmeter (Agilent 34420A). 
 
Figure 5-2. setup for the device test. 
Before the experiment, in the reaction channel, liquid segments of receptor (18-C-6) with 
a known concentration as well as ligand solution segments (BaCl2) at predetermined 
concentrations were preloaded into the two plastic tubing through a multi-channel syringe 
pump (KD Scientific, KDS 220). The solution segments were then formed through air gaps. 
In the meantime, in the reference channel, identical liquid segments of ligand and water were 
also preloaded into the other two tubing (as demonstrated in Figure 5-2). During the 
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operation, receptor and ligand were introduced and then mixed along the reaction channel 
whereas ligand and water were under the same manipulation in the reference channel. The 
heat difference between the sample and the reference channels can be sensed through the 
thermopile, and utilized in obtaining the thermodynamic properties of the reaction system. 
The ITC micro-device was placed in a custom built thermal enclosure (as displayed in Figure 
5-2) during measurement. The thermal enclosure comprised of a metal enclosure cap 
surrounding a stainless steel stage. A peltier heater (Marlow Industries, XLT2418) was 
located underneath the stage, and connected a temperature controller (Lakeshore Model 331) 
so as to regulate the temperature of the micro-device. The thermal enclosure also provides 
additional thermal isolation of the micro-devices from ambient, and making sure that the 
sample solutions are kept at isothermal condition during measurements as well as reducing 
environmental noises. The thermoelectric measurements were performed through reading the 
thermopile differential voltage output by use of a nanovoltmeter (Agilent 34420A). 
5.3 Results and Discussion  
The micro-device was calibrated through measuring its steady-state thermopile output 
from applied differential thermal power by use of an off-chip temperature heater as well as a 
sensor setup. At 298K, the steady-state response of the ITC micro-device was realized to be 
dependent on the differential power in an extremely linear manner, yielding an estimated 
steady responsivity of S = 3.7 mV/mW. We also characterized the responsivity of the device 
at controlled micro-device temperature from 20 to 40 °C, and realized that it remained steady 
with a relative standard deviation of less than 3%. Thus, the temperature dependence of the 
device responsivity can, therefore, be ignored. Subsequently, a device time response of 800 
ms was acquired by use of the ITC micro-device through a method that was initially 
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explained by Mayorga et al. In particular, the on-chip heater was utilized in generating a 
rectangular electrical calibration pulse (1 mW) to the reaction cell. The decay portion of the 
instrument response was then fitted to multiple exponential decay functions so as to establish 
the time response. Nonetheless, for our ITC micro-device, and based on prior experience, the 
time response can satisfactorily be explained or described through a single exponential 
function. The 800 ms response time was regarded suitable for characterizing thermodynamic 
properties of the biochemical reactions, and for characterizing the reaction kinetics that are 
suitably slow as compared with this particular response time. It is a 10-time improvement 
over a commercial unit. 
The baseline (negative control) experiment was carried out through introducing sterile 
water and 0.1-1.6 mM BaCl2 to the reaction and reference cells, respectively. In finding out 
the optimal experimental stipulation, four injections of the reagents were administered in 
sequence, each with a 1.5-minute interval, and a flow rate ranging from 10 to 100 µL/min. 
The increase in the flow rate precisely leads to the baseline noise to intensify monotonically 
(as illustrated in Figure 5-3a). This can be described by effects like the viscos heating effect 
from the fluid-solid interactions, as well as enthalpy of mixing. In essence, these effects 
would be counterbalanced through the use of the differential measurement scheme. 
Nevertheless, there was an approximate 7% volume difference (primarily in thickness) 
existing between the reaction and reference measurement cells. It was then expected that 
these effects would bring about a non-specific differential thermal power (baseline noise) as a 
result of volume difference during the titration process. Thus, the 10 µL/min flow rate 
(corresponding to a Reynold’s Number of 2) was chosen particularly in optimizing the device 
signal-to-noise ratio. By use of the flow rate of 10 µL/min, all the baseline experiments 
demonstrated a similar non-reaction-specific spike noise. This noise was subtracted from the 
data analysis. In addition, the amplitude of the noise was established to be 25 nW (6 ncal/s), 
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which was regarded to be sufficient for measuring the thermal power generated in 
biomolecular reaction systems, and utilized as the detection limit of the ITC micro-device. In 
comparing the baseline noise with the reaction induced differential thermal power, 4 
injections of 0.3 mM BaCl2 and 0.5 mM 18-C-6 (each 0.23 µL) were introduced to the 
reaction cell whereas the reagents it remained the same in the reference cell. Comparing with 
the baseline, the micro-device’s response to the reaction systems depicted a reaction-specific 
spike signal that was attributable to the exothermic nature of the binding between 18-C-6 as 
well as BaCl2 (as illustrated in Figure 5-3b). The amplitude of the signal was 3 times larger 
than that of the baseline noise, hence illustrating the validity of the ITC experiment.  
Subsequently, a fully characterized ITC micro-device was utilized in characterizing the 
thermodynamic binding parameters of the reaction system, BaCl2 reacting with 18-C-6. 
Instead of measuring the heat evolved with the titration of BaCl2 to 18-C-6 as in conventional 
instruments, the ITC micro-device was carried out in a series of measurements at the 
regulated temperature of 298 K. Each measurement utilized a fixed concentration of 18-C-6 
(0.5 mM) as well as a series of concentrations of BaCl2 (in the range of 0.1~1.6 mM), 
permitting the molar ratio of BaCl2 to 18-C-6 to be varied from 0.2 to 3.2. By varying the 
molar ratio (MBaCl2/M18-C-6) from 0.2 to 3.2, the baseline-subtracted device output (as 
demonstrated in Figure 3c) showed spikes compatible with the titration reactions. Every spike 
in the device output was consistent with each titration, with a magnitude increasing steadily 
with the improvement of the molar ratio. This reflected that an increasing larger amount of 
18-C-6 participated in the reaction as more BaCl2 molecules were introduced. Nevertheless, 
no device output improvement was noticed between molar ratio of 2 and 3.2, which indicated 
excessive ligand (BaCl2) concentration at molar ratio of 3.2. As well, the reaction was most 
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probably saturated at molar ratio of 2. This was anticipated for the reaction system. It was 
also noticeable that there was no apparent dilution of the baseline after each binding 
experiment, enabled by the much reduced micro-device’s response time. This holds potential 
for the micro-device to carry out highly stable ITC measurements as well as enables an 
accurate thermodynamic data analysis.  
Thermopile voltage output measured from the micro-device was then utilized in 
calculating the differential thermal power. The reaction heat at every molar ratio was 
quantified through integration of the thermal power over the whole period of reaction time. A 
thermodynamic binding isotherm (depicted in Figure 3d) was then acquired through plotting 
the reaction heat as a function of the molar ratio. A least square fitting to Chapter 4. Eq. (2) 
was used in determining the full thermodynamic binding parameters of the reaction system. 
Accordingly, the reaction heat increased monotonically with the molar ratio to a point of 
approaching saturation (molar ratio of 2), which reflected that the more binding sites of 
18-C-6 were occupied with the accumulation of BaCl2 until the binding sites were no longer 
available. Furthermore, and excessive BaCl2 became free ligand in solution. The error bar was 
as a result of standard deviation between the calculations of the reaction heat for 3 different 
ITC experiments. 
From the least square besting fitting curve (illustrated in Figure 3d), it was noticeable 
that the stoichiometry was about n = 0.99 at 298K, corresponding to the one to one binding of 
18-C-6 as well as BaCl2. Additionally, the reaction association constant (Ka) was established 
to be 6.09×103 M-1, whereas the molar enthalpy change (ΔH) was established to be 31.0 
kJ/mol at 298 K. These properties are within the 5% difference with published data by use of 
conventional instruments at the same temperature. This, therefore, demonstrate the utility of 
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the ITC micro-device, which is enabled by this 3D mixing-titration design approach for 
precise and sensitive thermodynamic characterization of the binding reactions. In addition, it 
is significant to note that since the design approach enabled micro-device characteristics, 
especially in the device response time, it is possible to also attain the kinetic information of 
the binding reactions by use of this approach. This will be examined for future work.  
 
 
Figure 5-3. (a) the baseline noises under different flow rates; (b) Time-resolved device output upon 
introduction of sample compared with water baseline as the flow rate is chosen at 10 µL/min; (c) 
Device voltage output of the 0.5 mM 18-C-6 reacting with BaCl2 at different molar ratios. (d) 
Non-linear curve fitting of the binding isotherm and the determination of the binding parameters. 
 
5.4 Conclusion 
This chapter has discussed a polymeric MEMS-based 3D chaotic mixing-titration design 
method for the thermodynamic characterization of biomolecular reaction systems. The 
mixing-titration combines the functionalities of micro-mixing, titration, as well as 
thermoelectric transducing, thus eliminating heat loss in the mixing process, and enhancing the 
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device limit-of-detection, further minimizing the micro-device response time, and making the 
closed volume-based MEMS ITC measurement pertinent for practical usage. The design 
approach is implemented in an ITC polymeric micro-device that exploits the low thermal 
conductivity of the polymer substrate to accomplish thermal isolation of reaction samples in 
the absence of any complex or delicate freestanding structures. This simplifies the fabrication 
process, thus increasing the fabrication yield, and enhancing the reliability of the device. The 
ITC micro-device comprises of a pair of bismuth-antimony (Bi-Sb) thermopile incorporated 
3D mixing-titration channels which are utilized as both calorimetric measurement cells as well 
as micro-mixers. During the operation, titration of the ligand into the receptor is 
accomplished through merging the solutions segments by the reaction cell at regulated time 
duration. As the reaction takes place, the resulting differential thermal power between the 
reaction as well as reference cells is quantified by use of a thin-film Sb-Bi thermopile that is 
implanted in the chamber-supporting polymeric substrate.  
The ITC polymeric micro-device was first characterized to have a commercial system 
similar with 25 nW detection limit, a ten-time enhancement over the earlier shown MEMS 
ITC devices. The potential utility of the device was illustrated with quantitative ITC 
measurements of a model reaction system in which the ligand BaCl2 is titrated into the 
receptor 18-C-6 at a reduced concentration of 0.5 mM. At the regulated temperature of 298 K, 
the thermodynamic binding parameters of the reaction systems such as the stoichiometry, 
equilibrium binding constant, and enthalpy change, were acquired and realized to concur with 
published data that had been obtained by use of commercially available ITC instruments. 
These results showcased the potential of the microdevice for quantitative ITC 
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Chapter 6 Integration of 3D-Printed Micro-fluidic Structures with MEMS 
Transducers for Isothermal Titration Calorimetry 
 
In the previous chapters, the polymeric MEMS-based measurement approach is integrated 
with PDMS based microfluidic to enable thermodynamic characterization of biomolecular 
activities. However, PDMS based microfluidic structures have significant drawbacks that 
impact measurement sensitivity and accuracy, such as PDMS can both absorb small 
hydrophobic molecules and adsorb larger biomolecules which can significantly bias the result 
of experiments with inconsistent reagent concentration information. In addition, due to the 
high PDMS permeability, water vapor permeation through PDMS can lead to inaccurate 
reagent volume information and change in reagents molarity, especially at elevated 
temperature. In this chapter, we eliminate the use of PDMS microfluidic structures entirely, 
and present a 3D printing-based ITC LOC platform that integrates with the polymeric 
MEMS-based measurement approach to address these issues. Exploiting topographical 
flexibility offered by 3D printing, the platform design features fully isolated cantilever-like 
calorimetric measurement structures in a differential setup. This design layout improves 
thermal isolation and reduces overall platform thermal mass, thereby enhancing the 
measurement sensitivity and reducing the platform response time. We demonstrate ITC 
measurements of the binding of RNase A with 2’CMP completing quantitative ITC 
measurements at low cost, using practically relevant reagent concentrations (0.2 mM). The 
binding parameters of the RNase A and 2’CMP binding were again obtained at the controlled 
temperatures of 298 k, and found in agreement with published data. These results 
demonstrate the potential of our approach for efficient quantitative ITC characterization of 
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biomolecular interactions in biomedical applications. 
6.1 Introduction 
A lab-on-a-chip (LOC) system is a miniaturized platform which integrates one or 
numerous analyses methods, including DNA sequencing or biochemical detection which are 
normally carried out in a laboratory, onto a single microchip or nanoscale chip [121]. Being 
the significant part of the platform, micro-fluidic technology permits fluidic handling as well 
as manipulation functions within the platform. In the recent past, 3D printing has been 
believed as being a technology that can have the potential of changing the field of 
micro-fluidics to excel in many areas aspects and areas. First, it has the capability of 
fabricating a complete micro-fluidic device in a single step. Second, it enables fabrication in 
three dimensions. Lastly, it can also enable rapid prototyping [122]. As a result, recent 
researches that use 3D printing technology in the field of micro-fluidics have flourished 
[123-127]. Nonetheless, a collection of micro-fluidic structures alone might not enable all the 
LOC operations since they also need integrated electronics like sensors and transducers to 
become complete LOC diagnostic systems [128]. Thus, integrating sensors and transducers 
with 3D printing micro-fluidic structures have become a major challenge which is yet to be 
determined [129]. 
One of the bioanalysis techniques, the ITC, has been identified as being possible to 
benefit from operating in a LOC platform. ITC is a method that measures heat that is either 
released or absorbed when a ligand solution is titrated or added into a receptor solution of 
interest under isothermal conditions [93], It is known to be the only technique that can 
separately establish all reactions associated with binding parameters in a single experiment, 
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requiring no molecular labeling or surface immobilization [94]. Since operating in a LOC 
platform potentially permits quantitative ITC measurements with an enhanced device 
response time, a more efficient sample throughput, and possibly at low cost, micro-fluidics 
has been utilized together with MEMS transduction to accomplish this. Recently, there have 
been significant progress in this direction [91, 111, 117, 130], including silicon and polymer 
based micro-fluidic approach in a closed-chamber design for quantitative ITC measurements. 
However, these ITC platforms tend to mostly rely on the PDMS-based micro-fluidic 
structures, which have significant shortcomings in ITC characterization of biomolecular 
interactions. First, PDMS can both absorb small hydrophobic molecules as well as adsorb 
larger biomolecules like proteins on its surface. This has been identified as a significant 
challenge for molecular biological analysis, as the use of PDMS can considerably be unfair to 
the result of experiments with incompatible reagent concentration information as well as 
impact the reusability of the device. Furthermore, due to the high PDMS permeability, water 
vapor permeation through PDMS can lead to achieving of imprecise reagent volume 
information as well as change in reagents molarity, particularly at increased temperatures. 
Most significantly, PDMS based micro-fluidics made by soft-lithography methods can only 
permit the fabrication of two-dimensional (2D) topographical profile per step. Any attempt to 
enable a high operating efficiency of a 3D micro-fluidic functional structure (such as mixing) 
would, therefore, require manual and complicated multi-step process integration. These 
restrict the practical value of the existent ITC micro-devices. 
In this chapter, we aspire to focus on addressing these limitations of previous MEMS 
calorimetric devices by presenting a 3D printing based measurement technique or approach 
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that attempts to eliminate the utilization of PDMS micro-fluidic structures. Implemented in a 
LOC platform, this approach permits close volume-based quantitative ITC measurements in a 
reusable manner. The platform design features fully isolated cantilever-like calorimetric 
measurement structures in a differential setup in exploiting the topographical flexibility 
provided by 3D printing. This design layout enhances thermal isolation and minimizes 
overall platform thermal mass, thus improving the measurement sensitivity as well as 
reducing the platform response time. This platform, however, is integrated with a polymeric 
MEMS-based thermoelectric sensor chip that eliminates the utilization of silicon, and makes 
use of the low thermal conductivity of the polymer substrate to accomplish thermal isolation 
of reaction samples in the absence of any complex or fragile freestanding structures. Hence, 
this assists to simplify the fabrication process, increasing the fabrication yield, reducing the 
device cost, and enhancing the operational reliability of the device. Lastly, the ITC platform 
can be integrated leak-free in a reversible manner, hence making effective cleaning possible 
and reducing cross-contamination between ITC measurements, which ultimately enables 
platform reusability.  
Owing to the speedy and automation of 3D printing technology as well as low cost of 
polymeric materials, the device is economical and holds great commercialization prospect. 
Measurement data are then used in quantitatively determining the thermodynamic binding 
parameters, such as the equilibrium binding constant, stoichiometry as well as molar enthalpy 
change. This is illustrated with the binding of 18-Crown-6 (18-C-6) with barium chloride 
(BaCl2) together with the binding of ribonuclease A (RNase A) with cytidine 
2’-monophosphate (2’CMP), in ~5 μL reaction volumes as well as at concentrations down to 
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0.1 mM. Thermodynamic binding properties are attained for every system and are noticed to 
be compatible with the published data. Simultaneously, our research determined a ground 
work for integrating 3D printing micro-fluidic structures into lab-on-a-chip platforms that can 
also be extended to other applications.  
6.2 Principle and Design  
In an ITC experiment of characterizing the binding between a ligand and its receptor, the 
ligand with known concentration is titrated or added into a known concentration of a receptor 
solution in a cell with well-defined volumes under isothermal condition. During titration, heat 
evolved in the ligand-receptor binding system, either endothermic or exothermic, is then 
measured as a function of the ligand concentration. Specifically, consider a binding system in 
which a receptor (M) and a ligand (X) bind in equilibrium and form the complex Mα Xβ: 
                    𝑎𝑀 + 𝛽𝑋 ⇄ 𝑀𝑎𝑋𝛽                           (1) 
where α, β are the stoichiometric coefficients of the receptor and ligand, respectively. The 
binding parameters associated with the system, which include the molar enthalpy change of 
the binding (ΔH), the reaction stoichiometry (N = β/α), as well as the binding constant Kb can 
thus be determined using the binding equation from Chapter 4 Eq. (2):  
Our 3D printing based ITC platform (illustrated in Figure 6-1c) comprises of a 
corresponding pair of 3D printed calorimetric measurement sample/reference chambers, 
wherein a biomolecular binding system together with a reference are kept, respectively. A 
series of split-and-recombination micromixers is also printed and situated in the upstream of 
the measurement chambers. The cantilevers like structures are designed to increase the 
thermal isolation between the sample and reference chambers. The 3D printed micro-fluidic 
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structures are then integrated with a polymer based MEMS thermoelectric sensor chip. The 
sensor chip consists an antimony (Sb)-bismuth (Bi) thermopile (60 junctions), thin-film 
resistive temperature sensors, and micro-heaters, which are all located on a polymer substrate 
within the areas occupied by the measurement chambers, as was described in the previous 
chapter.  
The detailed polymeric sensor fabrication process (illustrated in Figure 6-2), which is a 
polyimide film (Kapton 50HN, 12.5 µm) was first reversely bonded to a silicon carrier wafer. 
The chromium/gold (Cr/Au) contact pads, temperature sensors/heaters together with Sb-Bi 
thermopile were lithographically defined and lifted-off onto the Kapton substrate in sequence. 
After that, a layer of polyimide (2 μm) was spin-coated onto the substrate to act as a 
passivation layer. During the packaging process, a 5 µm double side tape was applied to the 
sensor chip, thereby exposing only the contact pads. Then, the micro-fluidic structure was 
aligned with the sensor ship so that the hot and cold junctions of the thermopile are situated 
beneath the chamber centers. Lastly, the micro-fluidic structure was mechanically pressed 






Figure 6-1. Device photos and schematics; (a) photo of the packaged 3D-printed ITC device; (b) 
schematic of the packaged device; (c) schematic of the 3Dprinted microfluidic structure; (d) optical 
micrograph of the 3D-printed planar SAR micromixer. (e) photo of the polymeric thermoelectric 
sensor; (f) optical micrograph of the Sb-Bi thermopile junctions. 
To perform the ITC experiments, first, ligand and a reference buffer are introduced into 
both the reaction and reference measurement chambers. The response of the platform under 
the effect of liquid flow, without the presence of a binding reaction is recorded and used as a 
baseline. Served as the overall control of the ITC experiment, the baseline experiment 
eliminates any environmental disturbance and any non-binding specific heating contributions 
under effect of liquid flow. Next, during the ITC measurement of ligand-receptor binding, air 
separated reagents liquid plugs, formed by predetermined molar ratios between the ligand and 
the receptor, which are typically in pure form and dissolved in well-conditioned buffer, are 
mixed in the micromixer and delivered to the reaction measurement chamber sequentially. 
Simultaneously, same air separated reference liquid plugs, formed by mixing the ligand and 
buffer, are delivered to the reference measurement chamber. The binding heat induced 
temperature change in the measurement chambers is then sensed by the Sb-Bi thermopile, 
and outputted to a differential voltage signal. The signal is then converted to the differential 
thermal power using ΔP=ΔU/S, where S is the device’s responsivity, i.e., the output electrical 
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voltage generated by unit differential thermal power. It is important to note that this 
differential thermal power includes the contribution from the baseline noise, which will be 
subtracted during data analysis.  
 
Figure 6-2. Device fabrication process; (a) reversible bonding of polymer substrate to carrier wafer, 
and the lift-off of the gold contact pad, on-chip heater/sensors; (b) passivation of Sb-Bi thermopile 
with a PET-based ultra-thin 5 μm double sided tape; (c) mechan mechanical release of the substrate; 
(d) 3D printing of the microfluidic structures; (e) reversible packaging of the microfluidic structures 
to released polymeric thermal chip. 
6.3 Experimental 
The micro-fluidic structures were printed by use of the ProJet 3500 HDMax® (3D 
Systems, South Carolina, USA) MultiJet 3D printer, and were made of the VisiJet® M3 (3D 
Systems, South Carolina, USA) clear UV curable plastic. Hypothetically, the 3D printer has a 
minimal feature line width of 16 µM together with a minimal wall thickness of 0.5 mm, 
which are adequate for printing micro-fluidic structures. Nevertheless, it was experimentally 
established that it can only reliably produce a microstructure with a minimum feature line 
width of 100 µM or more, together with a minimum wall thickness of 0.6 mm or more.   
The test setup for the ITC comprises of a titration-enabling reagent delivery system and 
platform temperatures control/monitoring systems. The titration was accomplished by the 
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following steps: First, air-separated segments of the same concentration of receptor, and 
different concentrations of ligand solutions were each preloaded concurrently into the two 
Teflon access tubings by use of a multichannel syringe pump. Titration of the ligand into the 
receptor was realized through merging the solutions segments in the micromixer, and then 
delivered into the reaction measurement chamber. The ligand-receptor molar ratio was 
fluctuated from merging various solutions segments containing corresponding ligand as well 
as receptor concentrations. Similarly, two other identical access tubings were preloaded with 
segments of ligand and buffer solutions, respectively. They were, then, delivered into the 
reference chamber. All access tubings (a total of 4) were synchronized by a 
multiple-injections syringe pump (KD Scientific, KDS 220). Pure buffer solution as well as 
sterile water can also be loaded between the reactant segments to clean the chambers.  
During measurement, the ITC platform was placed in a custom built thermal enclosure, 
consisting of a metal enclosure cap surrounding a stainless-steel stage. The thermal enclosure 
provided extra platform thermal isolation from the ambient air, and ascertained that the 
isothermal condition for platform was satisfied in the ITC measurements process through the 
use of a closed loop heating method enabled by a peltier heater. Besides, prior to introducing 
to the ITC platform, the binding reagents were stored in a separate micro-fluidic reservoir so 
that the reagents would be preheated to the temperature of the platform. The response of the 
platform is measured by reading the output of the thermopile and through a nanovoltmeter 
(Agilent 34420A). The calibrated on-chip temperature sensors, whose resistance was read by 
a digital multimeter (Agilent 34410A) were separately implemented for monitoring of the 
absolute temperature of both measurement chambers. In addition, the differential power input 
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utilized for device calibration was produced by the on-chip microheaters that were driven by 
a DC power supply (Agilent E3631A).  
6.4 Results and Discussion 
The 3D printed ITC platform utilized in these experiments together with the simulation 
had a 60-junction Sb-Bi thermopile as well as a sample/reference measurement chamber with 
a radius of 10 mm and a height of 500 µm, respectively. These constitute 11% difference in 
chamber volume. The center of the chambers is separated using 4.5 mm. The 
split-and-recombination micromixer (width: 200 µm, total length: 15 mm) lead the 
introduced solutions to the measurement chambers whereas the solutions became well-mixed 
along the way.  
6.4.1 Characterization of the LOC ITC Platform  
Prior to carrying out the ITC experiments, the device characteristics that are essential to 
quantitative ITC measurements, such as the efficiency of the micromixer, the platform 
responsivity, and the baseline noise of the ITC platform at the controlled temperature, were 
characterized.  
First, the mixing efficiency in the last end of the micromixer was established by use of 
numerical simulation. It considered the whole fluidic part of the ITC platform, as well as the 
Navier-Stokes equation. On the other side, the convective-diffusion equation was coupled 
with the flow field to simulate the transport of diluted species. The inlets of the micromixer 
were then given a 100 µL/min flow rate. Consequently, the distribution of the solute 
concentration of the whole micromixer, as well as at the micromixer outlet were displayed in 
Figure 6-3a, b. As the fluid stream flowing through the channel, the solute concentration 
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gradient prescribed by the initial condition slowly decreased. This is apparent by the 
disappearance of the concentration interface at the end of the channel. Through calculation 
using the standard definition, a mixing efficiency of 92% was realized at the outlet of the 
micromixer. Therefore, the reagents that enter the measurement chamber were then 
considered well-mixed. As well, the pressured drop across the entire ITC platform was also 
established to be 1.2 kPa under the prescribed flow rate. By benefitting from this small 
pressure drop, the ITC platform could then be possibly assembled leak free, and reversibly. 
Another significant parameter was the residence time of the reactants in the micromixer as 
well as the connecting channels, which, based on platform dimensions, was established to be 
1.2 s. Thus, this initial demonstration of 3D printed ITC platform was well-suited for study 
biomolecular interactions with a binding time scale much slower than the residence time.  
 
Figure 6-3. Solute concentration gradient of (a) the entire micromixer; (d) the outlet of the 
micromixer.   
After that, the constant state responsivity of the ITC platform was established. Driving by 
the DC voltage source, the on-chip microheater of the polymeric sensor chip was utilized in 
generating a known constant differential thermal power in the reaction measurement 
chambers. The differential voltage measured from the thermopile output was recorded 
thereafter. The responsivity of the device was then determined by 5.17 mV/mW (as depicted 
in Figure 6-5a). This responsivity was an enhancement of 40% over the PDMS based 
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micro-devices described in the previous chapters because of the enhanced thermal isolation 
permitted through the 3D printed cantilever structure.   
At last, the baseline noise of the ITC platform was established by performing the overall 
control experiment. By mixing, and introducing sterile water as well as a reference buffer to 
both the measurement chambers concurrently, the liquid flow stimulated baseline noise due to 
the volume variation from fabrication limitation as was illustrated in Figure 6-6b. Under 
liquid flow, the response of the platform demonstrated a non-reaction-specific baseline noise 
with a maximum value of about 1.7 µW. The baseline noise also represented the detection 
limit of our ITC micro-device, which was sufficient for measuring the thermal power 
produced in biomolecular interactions. To compare the baseline noise with the binding heat 
induced differential power, 0.15 mM BaCl2 as well as 0.1 mM 18-C-6  were introduced to 
the reaction measurement chamber whereas 0.15 mM BaCl2 along with water were 
introduced to the reference measurement chamber. In contrast to the baseline, the ITC 
micro-device displayed a reaction-specific spike attributable to the exothermic nature of the 
binding reaction between 18-C-6 as well as BaCl2 (as illustrated in Figure 6-5b), depicting a 
repeatable signal-to-noise ratio of ~5 (appropriate for titration measurements). Besides, the 
repeatability of the baseline prior and subsequent to the ITC experiment was also regarded in 
the characterization. In doing so, the liquid plugs of binding reagents that were in between the 
reference solution (separated by air gaps) were preloaded to the tubings. Three separate ITC 
experiments were then carried out in sequence. As noticeable in Figure 6-5c, the magnitude 
of the baseline noise remained consistent after the binding experiment. This proposed that the 
binding reagents had been fully consumed in the reaction, and that there were no 
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biomolecules attached to the surface of measurement chambers, demonstrating platform 
reusability.  
 
Figure 6-4. Charaterization of the ITC platform. (a) Steady state platform responsivity calibration; (b) 
baseline noise calibration; (c) baseline noise repeatbility characterization. 
6.4.2  Quantitative ITC Characterization of Biochemical Reactions 
The utility of the 3D printing-based was first illustrated with a model reaction system of 
18-C-6 along with BaCl2. The 3D printing-based ITC was carried out in a series of 
measurements, each with a 90 s interval between experiments, and at a constant temperature 
of 298 K. Every measurement utilized a fixed concentration of 18-C-6 (0.1 mM) as well as 
one of a set of concentrations (in the range of 0.02–0.5 mM) of BaCl2. This permitted the 
molar ratio of BaCl2 to 18-C-6 to be varied from 0.2 to 5. The baseline-subtracted thermopile 
voltage from the device (as illustrated in Figure 6-5a), in response to each titration exhibited 
spikes were compatible with the titration reactions, with a magnitude improving steadily with 
the titration number. This depicts that an increasingly larger amount of 18-C-6 participated in 
the reaction as more BaCl2 molecules were introduced. Nonetheless, no device output 
increase was noted between the molar ratio of 2 and 5. This indicated that excessive ligand 
(BaCl2) concentration and the reactions were most likely saturated at a molar ratio of 2, and 
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was expected for the reaction system.  
The molar ratio-dependent thermopile voltage converted differential thermal power from 
device responsivity. A binding isotherm was then attained, showing the reaction heat as a 
function of the molar ratio. It was also used in determining the thermodynamic properties of 
the binding system by least squares fitting to Eq. (2). The binding isotherm of the reactions of 
18-C-6 along with BaCl2, as well as the best fits, have been illustrated in Figure 6-5b. From 
the binding isotherms at the regulated temperature, the stoichiometry was about n = 0.95, 
which is in line with the monovalent binding of 18-C-6 as well as BaCl2. In addition, the 
equilibrium binding constant (Kb) and the molar enthalpy change (ΔH) were determined to be 
5700 M-1 35 °C and 29.0 kJ/mol, respectively. These properties correspond with the 
published data by use of conventional instruments.  
 
Figure 6-5. Demonstration of the 3D printing-based ITC platform. (a) Baseline-subtracted device 
output from the binding of 18-C-6 with BaCl2. Titration numbers corresponded to molar ratios of 
BaCl2 to 18-C-6 (indicated on the figure; (b) reaction heat as a function of the molar ratio of BaCl2 
to 18-C-6; (c) Baseline-subtracted device output from the binding of RNase A with 2’CMP; (d) 




6.4.3 Quantitative ITC Characterization of Biomolecular Binding 
After demonstration of its utility, the ITC platform was then used to characterize 
biomolecular interactions, by use of RNase A as well as 2’CMP as a representative 
ligand-protein binding system at regulated temperatures of 298 k. The small molecule 2’CMP 
is recognized to be a strong inhibitor of substrates that bind to the active site of RNase A. 
Both reagents were made ready in 50 mM potassium acetate buffer and at pH of 5.5. The 
concentration of RNase A was then fixed at a practically pertinent level of 0.2 mM, whereas 
2’CMP was set up at a series of concentrations in the range of 0.06–0.6 mM to permit 
2’CMP-RNase A molar ratio to be varied between 0.3 and 3. The thermopile output of the 
device exhibited evidently visible spikes in response to the titrations of 2’CMP into RNase A 
(as illustrated in Figure 6-5c). Besides, it was noted that the spike spanned times for the 
binding of RNase A and 2’ CMP at different molar ratios were about 100 s. Thus, the 
injection time of 1.8 s was deemed negligible. As the molar ratio of 2’CMP to RNase A 
improved from 0.06 to 0.6, the spike magnitude also elevated steadily and ultimately became 
saturated. This showed that as the amount of 2’CMP increases, a larger amount of RNase A 
participates in the binding until the maximum potential proportion of RNase A-2’CMP 
complex is formed. The measured molar ratio-dependent thermopile voltage at the regulated 
temperature was again utilized in computing the differential thermal power (Eq. (3), which 
was then integrated to attain the reaction heat, thus obtaining a binding isotherm as indicated 
in Figure 5-6d (error bars again represent standard deviations from triplicate measurements). 
The reaction heat improved with the molar ratio being the outcome of the increasing amount 
of 2’CMP presented to RNase A, and slowly approaching a saturation value, which again 
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reflected that a diminished amount of RNase A molecules was present to react with the added 
2’CMP. Additionally, as demonstrated in Figure 5-6d, the binding isotherm was used in 
determining the thermodynamic properties of the binding system by least squares fitting to 
Eq. (2). The stoichiometry was established to be about n = 0.99, showing monovalent binding 
between RNase A and 2’CMP. The equilibrium binding constant (Kb) as well as the molar 
enthalpy change (ΔH) were determined as 8.5×104 M-1 and 54.0 kJ/mol, respectively. These 
results are in line with the published data for the 2’CMP and RNase A binding system by use 
of conventional instruments, supporting the utility of the 3D printing-based ITC platform. 
6.5 Conclusions  
This chapter has presented an ITC platform that features the integration of 3D printing 
micro-fluidic with polymeric MEMS-based measurement approach in an attempt to address 
the practical limitations of the previous PDMS-based ITC micro-devices. By entirely 
eliminating the use of PDMS micro-fluidic structures, this ITC platform enables close 
volume-based quantitative ITC measurements in a reusable manner. Besides, through 
exploiting topographical flexibility offered by 3D printing, the platform permits fully isolated 
cantilever-like calorimetric measurement structures design that enhance thermal isolation and 
reduce overall platform thermal mass, thus improves the measurement sensitivity and reduces 
the platform response time.  
This 3D printed ITC platform is also integrated with a polymeric MEMS-based 
measurement approach consisting of a thermal control as well as a sensing substrate through 
a reversible mechanical assembly. The 3D printed platform comprises of two calorimetric 
measurement chambers, each of which is connected to a split-and-recombination micromixer. 
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On the thermal substrate, the polymeric substrate is integrated with a thin-film Sb-Bi 
thermopile for differential measurement of thermal power in the chambers. The substrate is 
also each integrated with a thin-film resistive micro temperature sensor as well as a 
microheater for in-situ temperature monitoring and on-chip device calibration. During the 
operation, ligand together with receptor solutions are introduced at a given molar ratio, mixed 
in the micromixer and delivered into the reaction measurement chamber. At the same time, 
ligand-free buffer as well as receptor solutions are introduced, mixed and delivered into the 
reference measurement chamber. The differential thermal power in the chambers is then 
established from the baseline-corrected thermopile voltage. Data from these measurements at 
a series of ligand-receptor molar ratios are utilized in computing the binding parameters like 
the stoichiometry, enthalpy of the binding, as well as equilibrium binding. 
This chapter has shown ITC measurements of the binding of 18-C-6 with BaCl2, as well 
as the binding of RNase A with 2’CMP, completing quantitative ITC measurements at low 
cost, and through the use of practically relevant reagent concentrations. The resulting data are, 
therefore, used in calculating the binding parameters that are connected with the biomolecular 
systems, such as the stoichiometry, equilibrium binding constant, as well as the enthalpy 
change. For the protein-ligand binding system of RNase A together with the 2’CMP, 
quantitative ITC measurements were carried out with at concentrations that were as low as 
0.2 mM. The binding parameters of the RNase A as well as 2’CMP binding were again 
attained at the regulated temperatures of 298 k, and realized to be consistent with the 
published data. These results indicate the potential of our approach for efficient quantitative 
ITC characterization of biomolecular interactions in biomedical applications. 
104 
 
Chapter 7 Concluding Remarks 
7.1 Summary of the thesis  
This thesis discusses the development of polymer-based MEMS calorimetric devices for 
thermodynamic characterization of biomolecular interactions. The work presented in the thesis 
includes the development of a polymer-based thick-film thermoelectric sensor and the 
integration of the sensor with microfluidic structures, both PDMS-based and 3D 
printing-based, for temperature-dependent characterization of biomolecular interactions. The 
significance of the work includes the development of MEMS calorimetric devices for 
quantitative thermodynamic characterization of biomolecular interactions with improved 
throughput, reduced sample consumption and response time; the development of 
polymer-based calorimetric devices that enhance sensitivity, reduce the device cost, improve 
the device yield and reliability; the demonstration of both DSC and ITC, which are the two 
most important and commonly used calorimetry measurement modes; the incorporation of 
polymer-based thermoelectric sensing, real-time temperature control, and microfluidic 
reagents handling to allow quantitative DSC experiments to be performed with minimized 
sample consumption; the incorporation of polymer-based thermoelectric sensing, microfluidic 
passive-chaotic mixing and 3D chaotic mixing to enable accurate, and sensitive 
close-chambered quantitative ITC measurements with reduced sample consumption; and the 
development of fabrication technologies for MEMS calorimetry: (a) The universally applicable 
photolithographical process for the construction of economical, robust polymer-based MEMS 
devices; (b) the first demonstration of a miniaturized 3D-printed LOC platform that integrates a 
polymeric MEMS-based measurement approach for quantitative ITC characterization of 
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biomolecular interactions. The work incorporated in this thesis can be divided into five 
chapters, each of which is summarized below.  
Chapter 2 presents a distinctive low-temperature thermally assisted lift-off method that we 
used to fabricate a thick-film MEMS thermoelectric sensor. During the fabrication process, 
thick metal or semiconductor films were subjected to controlled breakup due to thermal reflow 
of the underlying lithographically defined photoresist patterns, thereby facilitating the 
sacrificial removal of the photoresist. This technique enables the rapid and reliable patterning 
of thick films, which can otherwise be difficult to achieve by conventional processes. Using the 
procedure described, a 60-junction thick-film Sb-Bi thermopile (up to 1.5 µm thick) was 
successfully patterned on a polymer substrates with various thicknesses. The experimental 
results demonstrated that the fabricated sensors had an electric conductivity of 5.44 × 106 S/m 
and a Seebeck coefficient of 114 µV/K per junction, which are comparable to those obtained 
from bulk materials. Thus, we conclude that this method is useful for the fabrication of sensors, 
as it allows low-noise, high-efficiency thermoelectric measurements. 
In Chapter 3, the fabrication method presented in Chapter 2 was used to develop a 
polymer-based MEMS DSC device for studying the temperature-dependent thermodynamic 
properties of biomolecules. The device was integrated with a pair of calorimetric 
measurement channels, which were filled with a target biomolecule and a reference solution. 
The device temperature was scanned at a constant rate using closed-loop temperature control. 
The device was evaluated by the DSC measurement of unfolding of lysozyme at practically 
relevant sample concentrations (approaching 1 mg/mL). The molar enthalpy change of the 
lysozyme and melting temperature in the lysozyme unfolding process were thus determined 
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and found to be consistent with those of previously reported ranges in the literature. 
Chapter 4 describes the application of the polymer-based MEMS sensor used in 
conjunction with PDMS-based microfluidics, which allows accurate quantitative ITC 
measurements and thermodynamic characterization of biomolecular interactions. By 
integrating the polymer sensor chip with microfluidic mixing and titration, this integrated 
approach enables the accurate ITC measurement with considerably reduced analysis times 
and costs. As the reaction was occurring, the measured differential power between the 
reaction system and a reference at a series of molar ratios of the reactants was used to 
determine the binding parameters of the reaction system. In addition, this chapter includes 
systematic characterizations of factors that influence the sensitivity and accuracy of ITC 
measurements, such as volume mismatch, reaction volume information, evaporation of 
reactants, and thermal activity in the mixing and transport of reactants before their entrance 
into the calorimetric chamber. In addition, the preliminary use of these insights to guide the 
polymer-based MEMS ITC design, demonstrating ITC measurements at a reduced receptor 
concentration (2 mM for 18-C-6), is also discussed. 
Chapter 5 presents optimization of the polymer-based ITC measurement approach that 
features an integration of 3D chaotic mixing and microfluidic liquid handling to allow 
accurate quantitative ITC measurements and thermodynamic characterization of 
bio-molecular interactions in a sub-microliter volume. This integration eliminates the heat loss 
during mixing, enables the use of the low-Reynolds-number flow to minimize the 
flow-induced measurement noise while maintaining a distinctive device response time to allow 
thermodynamic characterization of the reaction systems with fast kinetics. During the ITC 
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device operation, reactants and reference solutions were introduced to their respective 
measurement channels, and the reaction-induced differential thermal power was measured 
and used to compute the thermodynamic binding parameters associated with the reaction 
system. The potential utility of the device was demonstrated with quantitative ITC 
measurements of a model reaction system in which the ligand barium chloride was titrated 
into the receptor 18-Crown-6 at a practically useful limit-of-detection level of 25 nW and a 
receptor consumption of 50 ng. 
In Chapter 6, the limitations of using PDMS-based microfluidics in ITC characterization 
of biomolecular interactions are addressed by 3D-printed microfluidic approach. 
Implemented in a LOC platform, this approach enables close volume-based quantitative ITC 
measurements in a reusable manner. The exploitation of the topographical flexibility offered 
by 3D printing allows platform design features that fully isolate the cantilever-like 
calorimetric measurement structures in a differential setup. This design layout improves the 
thermal isolation and reduces the overall platform thermal mass, thereby enhancing the 
measurement sensitivity and reducing the platform response time. This platform was 
assembled in a leak-free manner with a polymeric MEMS-based thermoelectric sensor in a 
reversible manner that facilitates the effective cleaning and reduces the cross-contamination 
between ITC measurements and thus enables platform reusability. The utility of the platform 
was demonstrated by ITC measurement of the binding of ribonuclease A (RNase A) with 
cytidine 2’-monophosphate (2’CMP) at concentrations down to 0.1 mM.  
7.2 Future work 
Although the polymer-based calorimeter presented in this thesis showed commercial 
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promise, this thesis only demonstrated the viability of the polymer-based approach, and there 
is still much work that remains to be done for practically employing these devices. The 
following opportunities might be significant aspects for extending the scope of this thesis as 
well as paving the way for the commercialization of the device.  
7.2.1 Substituting with Organic Thermoelectric Material 
Thermoelectric sensing has been proven to be effective in the sensitive calorimetric 
measurement. However, common thermoelectric materials, such as Bi and Sb, which were 
used in the experiments conducted for the preparation of this thesis and our previous work as 
well as bismuth telluride and antimony telluride, are chemicals with different toxicity. 
Therefore, besides the processing incompatibilities, the mass production of these devices also 
has environmental safety concerns. Recently, a review by Russ et al. [131] suggested that in 
certain conditions, organic thermoelectric materials can achieve merits comparable to those 
of inorganic materials, while also exhibiting unique transport behaviors that are suggestive of 
optimization pathways and device geometries that were not previously possible. This concept 
would potentially facilitate the resolution of the above-mentioned issues and theoretically 
retain the sensitivity of devices. In addition, organic thermoelectric materials can be readily 
integrated with polymer-based substrates by either inkjet or screen printing method, both of 
which, once matured, can significantly reduce the cost of device manufacturing by 
eliminating traditional highly complex vacuum processing routes.  
However, the feature resolution of the printing approach is still incomparable to the 
traditional photolithography method (100 µm vs. 1 µm). Therefore, an opportunity is offered 




7.2.2 Integrating 3D Printed Microfluidics with Polymeric MEMS Sensors 
The detection sensitivity and accuracy of thermal biosensors strongly depend also on the 
thermal isolation of the biomolecular interactions. In our demonstration of the 3D-printed 
microfluidic devices, the thermal isolation of the device was significantly improved due to 
the topological flexibility of the 3D-printing technology so that the sample and reference 
calorimetric measurement chambers can be completely isolated. However, the effectiveness 
of the methods for integration of the 3D-printed microfluidic structure with polymer-based 
thermoelectric sensor can still be improved.  
In the thesis, we temporarily packaged the device to avoid any leakage by adding a thin 
double-sided taping layer to promote the adhesion and used a relatively large dimension and a 
small flow rate to lower the pressure drop across the channels. This approach, however, 
limited the utility of our device. One potential solution to this problem is to insert the thin 
polymer thermoelectric sensor in the microfluidic structure during the 3D-printing process. 
Since the entire polymer-based sensor can be as thin as a few microns, it is possible to print 
the microfluidic structures direct on the top of the polymer substrate and yet uniformly seals 
the edge of the polymer substrate to avoid any leakage. This approach has been demonstrated 
by Aguilera et al. [132] in their experiment of printing a whole motor, integrating bearings, 
magnets, and speed controller during printing. However, our case is more complicated as we 
had to align the hot and cold junctions of the thermopile to their respective calorimetric 
chambers centers, and any offset would potentially induce baseline noise to the measurement. 
Therefore, an opportunity lies ahead on the ways to reliably integrate 3D-printed microfluidic 
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structures with Polymer Substrates. 
7.2.3 High-Throughput Arrays  
An exceedingly important advantage of using the MEMS technology is its ability to 
perform parallel measurements for biomolecular analysis, enabled by the strategic design and 
miniaturization employed.  The work presented in this thesis established a solid groundwork 
for the improvement of the throughput through the adoption of polymer-based MEMS 
sensors. For example, Whiting et al. used an ink paste made from a blend of metal oxide 
particles and a eutectic alloy to mass-fabricate all-printed thermistors on flexible substrates 
using screen printing for parallel temperature measurement [133].  
 In our case, the polymer-based MEMS DSC and ITC devices can also be readily scaled 
up to form a sensor array on which multiple sets of calorimetric measurement chambers can 
be aligned and integrated with their perspective sensing unit to characterize biomolecular 
activities.  However, much work is still required for the development of such devices. One 
prominent issue would be how to handle the fluidic sample delivery and manipulation, 
especially when there are multiple inlets, and the application requires synchronized sample 
delivery.  
The suggestions listed above are merely a few points that might be worth investigating so 
that the existing polymer-based device can be improved and becomes practically applicable. 
The biomolecular activity measurements made by the prospective devices are expected to be 
accurate, sensitive, and repeatable. Also, the device should enable parallel processing, be 
economically and environmentally built with many novel features, and functionalities may 
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